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ABSTRACT
BeigzadehMilani, Somayeh. Ph.D., Purdue University, May 2015. Environmental
Photochemistry of SWCNTs in Aquatic System and Potential Extraction and Purification
of Pristine SWCNTs from Soil Matrix. Major Professor: Chad T. Jafvert.
Carbon nanotubes (CNTs) are a class of engineered nanoparticles, composed of an
array of sp2 carbon atoms arranged as fused benzene rings.

Due to their exceptional

electrical, mechanical, and physical properties, CNTs find applications in construction,
aerospace, and medical industries. In the United States, CNTs already had an annual
production of 2,000 tons in 2011. This rate of annual production indicates that CNTs will
find their way into the environment, which will result in certain environmental exposure.
Yet, there have not been sufficient and definitive studies on the health and environment
effects of CNTs.

For example, additional information regarding environmental

transformation pathways is required to better evaluate the environmental and health
consequences of these materials.

Because photochemical transformation is a potentially

important transformation pathway of both unfunctionalized single-walled carbon
nanotubes (SWCNTs) and carboxylated SWCNTs (CSWCNTs), this process was
investigated in this study.
Results show that unfunctionalized SWCNTs can undergo indirect phototransformation through reactions with hydroxyl radicals (produced from hydrogen
peroxide), even in the absence of surfactants, which are often added to disperse the
unfunctionalized tubes in water.

Evidence for transformation includes UV-VIS and Near

Infrared Fluorescence (NIRF) fading, and an increase in defects (sp3 carbon), as observed
through Raman analysis. While more rapid fading occurred under light, changes in the
fluorescence of the SWCNTs also occurred in dark samples, suggested some metalcatalyzed Fenton’s reaction was occurring in the absence of light.

xiv
Although direct photochemical transformation of unfunctionalized SWCNTs is very
slow, direct photochemical transformation of aqueous suspensions of CSWCNTs occurs.
Headspace analysis on lamp-light irradiated CSWCNT suspensions showed 2.69% of the
carbon was mineralized within 30 days. The stable isotope composition of the SWCNTs
and of the headspace CO2 shows that the CO2 originated from the SWCNTs.

XPS

analysis, coupled with chemical derivatization of specific oxygen containing functional
groups, showed an increase in oxygen content after 60 days under sunlight exposure.
Additionally, the wavelength dependency of reactive oxygen species (ROS) generation by
CSWCNT was examined under 400- and 280-nm wavelength cutoff filters in sunlight.
The aqueous colloidal dispersions of CSWCNTs generated ROS, including: Singlet oxygen
(1O2), superoxide anion (O2.-), and hydroxyl radicals (∙OH) under the 280-nm cutoff filter,
whereas there was a much slower rate of formation of singlet oxygen (1O2) and superoxide
anion (O2.-) under the 400-nm filter, with no measurable hydroxyl radicals (∙OH) produced.
To be able to investigate the fate and transport of CNTs in the environment, it is necessary
to develop methods for carbon nanotube isolation (i.e., extraction), characterization, and
possibly quantification from environmental samples.

To this end, the potential to use

solvent extraction for removing SWCNTs from sand (50+70 mesh) and three types of soil
with different characteristics (e.g., Tracy, Drummer, and Clermont) was investigated.
Extraction with 1,2-dichlorobenzene (DCB) under high power sonication was shown to
have an accumulative extraction efficiency of more than 90% after four sequential
extractions. To purify the SWCNTs from the co-extracted humic material, density gradient
ultracentrifugation (DGU) was tested using two different commercially available
unfunctionalized SWCNTs.

1

CHAPTER 1. INTRODUCTION

1.1. Scope and Significance
With potential utilization of carbon nanotubes (CNTs) in various applications, it is
highly likely that they will be released to the environment.
and transport has not been explored extensively.

Yet, their environmental fate

Additionally having reliable methods

for the extraction of CNTs from environmental matrices is essential for both measuring
environmental exposure concentrations, and for understanding their environmental fate.
Thus, the overall objectives of this study were: (i) to study photochemical transformation
of SWCNTs as a potential transformation process that may significantly contribute to the
environment fate of this class of carbon based nanomaterials in the aquatic environment,
and (ii) to investigate potential extraction and purification methods for identifying
SWCNTs in environmental matrices, specifically soil and sand. The general goals were
threefold: (i) to study indirect photochemical oxidation and transformation of
unfunctionalized (i.e., pristine) SWCNTs; (ii) to study the photoproducts of carboxylated
SWCNTs, specifically using headspace analysis to measure CO2, and using other methods
to examine SWCNT functionalization; and (iii) to examine potential solvent extraction
techniques to remove pristine SWCNTs from soil and sand
Data provided by this study on the phototransformation of SWCNTs can help to
identify factors governing the fate of SWCNTs in the environment.

In addition, the data

may be useful in elucidating mechanisms of toxicity, based on the type of transformation
processes that occur.

Information on SWCNT extraction efficiencies into various

organicsolvents can help in the further development of methods for environmental analysis,
as there is a serious lack in the literature regarding methods to quantify SWCNTs in soils
and sediments.

2
As a result, in Chapter 2, the indirect photochemical oxidation of pristine SWCNTs
in reported on, as these materials are very slow to react through direct photolysis.

Several

different characterization methods were used to examine the degree of oxidation and loss
of sp2 bonds. In Chapter 3, the photo-transformation of CSWCNTs is reported on,
including headspace analysis of CO2 and characterization of the photolyzed nanotubes.
In Chapter 4, solvent extraction of pristine SWCNTs from sand and soils is reported on.
1.2.Carbon Nanotubes Properties
Discovered by Ijima in 1991, carbon nanotubes (CNTs) are graphene sheets rolled
into seamless cylindrical tubes, potentially with both ends of the tubes capped with
aromatic carbon hemispheres.1

Carbon nanotubes exist in two forms, single-walled

(SWCNTs) and multi-wall (MWCNTs). The diameters of SWCNTs range of 0.7 and 3 nm,
with the diameter being a function of the metal catalyst from which they are grown.
MWCNTs have diameters in the range 10 to 200 nm.2

In many cases, the ends are not

capped, resulting in functionalization at the ends. Example commercial applications for
carbon nanotubes include their use in composite materials (for enhancing structural
properties), in nano-sized electronic devices, and in sensors and probes.3

Synthesis

methods of carbon nanotube production include: Carbon-arc discharge, laser ablation of
carbon, and chemical vapor deposition.4

In all cases, the addition of energy to a carbon

source produces fragments (group or single carbon atoms) that recombine to create the
CNTs.2

Various metal catalyst contaminants, graphitic nanoparticles, and amorphous

carbon are present in the commercially produced SWNTs and MWNTs.5

It should be

noted that the metal catalysts that are most commonly used and found in CNTs include Co,
Fe, Ni, and Mo, generally as mixtures of two or more of them.2
Each possible SWCNT structure may be pictured as a rolled up graphene sheet, with a
specific diameter and chiral angle. A pair of integers (n, m) is used to define each discrete
SWCNT structure, with these number defining both the nanotube’s diameter and chiral
angle (Figure 1.1). With a nanotube projected as a flat structure as shown in Figure 1.1,
and with zigzag carbon-carbon bonds across the circumference, the first number (n) is the
length across the circumference (measured in benzene rings), and the second number (m)

3
is the rows of benzene rings “down” the array to the ring that is connected around the
nanotubes circumference.

Figure 1.1. Schematic plot of chiral vector (Ch) which connects position (0,0) to another
labeled (n,m) position in the sheet [in this case (9,4)] and becomes the circumference of
the resulting SWCNT. Numbering scheme of SWCNTs, in which the metallic and
semiconducting SWCNTs are represented by red and black hexagons, respectively.6

SWCNTs are defined as “metallic” when n/3 is an integer, and if not an integer, they
are semiconductors. Two-thirds of the possible chiralities are semiconducting nanotubes
(Figure 1.1).6

For the semiconducting SWCNTs, excitation with visible light in the range

of 600 to 800 nm results in light emission (i.e., fluorescence) in the near-infrared (NIR)
region at discrete wavelengths depending on the nanotube’s chirality, such that structural
information can be determined by using this unique spectra feature.7-9
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1.3. Carbon Nanotubes Suspension Preparation
Due to the extreme hydrophobicity of carbon nanotubes, they tend to aggregate in
water.

For successful use of carbon nanotubes in different applications, disaggregation

to form uniform dispersions of CNTs in various media is critical.

To improve CNT

dispersibility in different liquids, their surfaces are often tailored by covalent or noncovalent functionalization methods.

The covalent surface functionalization involves the

addition of new elements (e.g., oxygen, fluorine, nitrogen) or organic functionalities (e.g.,
biomolecules) into the CNT sidewalls, whereas non-covalent functionalization involves
adsorption of molecules onto the CNT surface without breaking any of the π-bonds.10

In

covalent functionalization, there will be significant changes in the carbon nanotubes’
electronic and mechanical properties results from transforming the sp2- into sp3-hybridized
carbon atoms, introducing non-aromatic defects into the nanotube structure, including
surface cavities or holes.11 Incorporation of oxygen-containing functional groups at the
open ends and sidewalls of CNTs is a popular method of covalent surface functionalization.
Among the different methods for wet chemical oxidation, using either strong oxidizing
acids or strong oxidants (such as O3) have been the more common methods, due to easy
processing within research labs and within industrial preparation facilities.11, 12
Non-covalent dispersion of CNTs into water can be accomplished by adding various
surfactants13, 14, polymers15, 16, natural organic matter17, 18, biomolecules19 or even DNA,20
with addition of surfactants the most common method applied. Surfactant isolation of
CNTs from bundles into discrete “particles”, generally is accomplished with the aid of
sonication, with surfactant adsorption onto the nanotubes resulting in a more hydrophilic
surface.21

Strong association was shown to occur when non-ionic surfactants were

adsorbed on CNTs in water.21, 22 Surfactant monomer association onto nanotube walls
has been suggested to occur in different structural forms (Figure 1.2).21 Previous work
has suggested that the formation of sodium dodecylsulfate (SDS) cylindrical micelles may
occur around SWCNTs (Figure 1.2a)7,

21

, helices or double helices21,

23

, and/or

hemimicellar adsorption of the surfactant7 (Figure 1.2b). However, recently it was
suggested that structureless random adsorption with no preferential arrangement of the
head and tail groups is responsible for the stabilization of the dispersions (Figure 1.2c).24

5
Among the ionic surfactants, SDS and sodium dodecyl-benzene-sulfonate (NaDDBS) are
commonly used to disperse CNTs in water. The high dispersive efficiency of NaDDBS
has been partially attributed to the benzene ring within the surfactant, due to its ability to
interact with the aromatic surface of the CNTs.13

In addition to forming dispersions in

water, non-aqueous solvents have been used to dispersion unfunctionalized SWCNTs, with
DCB shown to be a good dispersant solvent for unfunctionalized SWCNTs. 25, 26

Figure 1.2. Mechanisms suggested for dispersion of SWCNTs with the aid of surfactants:
(a) Encapsulated SWCNTs within a cylindrical surfactant micelle (cross-section and sideview); (b) Hemimicellar adsorption of surfactant molecules on a SWCNT; (c) Random
adsorption of surfactant molecules on a SWCNT.21, 24

1.4. Potential Health Effects
In recent years, the potential health effects of carbon nanotubes have been a concern,
as potential widespread use of carbon nanotubes will result as production rate increases.
Three properties of CNTs have caused concerns regarding potential toxicity.

These are:

1) Their size alone suggests they could be more toxic than larger particles; 2) they have a

6
needle-like resemblance to carcinogenic asbestos fibers; and 3) being graphitic, they are
more bio-persistent.2

In vitro and In vivo studies have shown that CNTs can induce

cycotoxicity, genotoxicity, inflammatory responses, oxidative stress, and fibroproliferative response.27-37
The physical characteristics of carbon nanotubes produced by the different production
methods vary. Therefore, important variables related to their toxicity including: The type
of CNT (i.e., MWCNTs and SWCNTs),38, 39 CNT length,40 the degree and type of surface
functionalization,41-43 the purification level (e.g., metal contamination amount),44 the state
of dispersion or aggregation,40 and the electronic structure (metallic vs. semiconducting).45
Cytotoxicity39 and bacterial cell damage 38 were more pronounced for SWCNTs compared
to MWCNTs which was attributed to the smaller diameter and larger surface area. Rigid
MWCNTs with lengths longer than 20 µm were shown to more significantly accumulate
in the diaphragmatic mesothelium, followed by formation of lesions in mice, in comparison
to low-aspect-ratio MWCNTs, indicating the effect of length on toxicity of CNTs.46
Higher toxicity towards a human lung-tumor cell line47 and more pronounced
clastogenic/genotoxic effects on bone marrow cells of mice48 were observed from exposure
of carboxylated MWCNTs compared to unfunctionalized tubes. Coccini et al. reported
higher cytotoxicity to human astrocytes and lung epithelial cells exposed to highly amine
(-NH2) functionalized MWCNTs compared to pristine and less amine-functionalized
MWCNTs. Factor including better water dispersibility (i.e., low tendency to aggregate)
resulting from surface functionalization were highlighted as potentially causing the higher
observed toxicity.43

Iron (used as the catalysis for SWCNTs synthesis) in unpurified

SWCNTs was shown to be able to effectively catalyze the decomposition of hydrogen
peroxide and organic lipid peroxides, generating hydroxyl radicals from hydrogen peroxide
or alkoxyl radicals from lipid peroxides (LOOH).

By propagating free radical formation,

these reactive intermediates cause oxidative stress.44 SWCNTs with a higher fraction of
metallic SWCNTs (but with similar length and diameter) have been shown to decrease
Escherichia coli viability, indicating an electronic-structure dependency of carbon
nanotubes’ bacterial cytotoxicity.45
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1.5. Carbon Nanotubes Fate and Transport in the Environment

1.5.1. Aggregation and Colloidal Stability
The fate and transport of CNTs in aquatic systems are significantly dependent upon
their colloidal stability.

Water composition and properties (e.g. ionic strength, pH) affect

aggregation and settling of CNTs.49 The colloidal stability of carboxylated MWCNTs
(CMWCNTs) were studied as a function of the number of oxygen containing functional
groups and degree of surface oxidation.

It was found that the critical coagulation

concentrations (CCCs) of the oxidized MWCNTs in NaCl solutions were linearly
correlated to the degree of MWCNT oxidation and the NaCl concentration required to
entirely screen the surface charge, as the oxidation of the MWCNTs surface increased.50
Due to the hydrophobicity of unfunctionalized CNTs, they cannot be dispersed in pure
water. However, natural organic matter (NOM) such as tannic and fulvic acids present in
natural aquatic environments, was shown to enhance colloidal stability of CNTs.17, 51, 52
The mechanism of NOM enhancing dispersibility of CNTs was suggested to result from
the hydrophobic portion of the NOM adsorbing onto the hydrophobic surface of the CNTs,
while the hydrophilic functional groups interacted with the aqueous solution.17, 49 Upon
release of CNTs into aquatic environments, they may also interact with other natural or
anthropogenic surface active agents (surfactants) which have similar properties to NOM.49,
53

1.5.2. Mobility in Porous Media
Mobility of CNTs in the environment is a key factor governing their ultimate fate.
Lecoanet et al. found that sodium dodecylbenzenesulfonate (SDBS) stabilized SWCNTs
in suspension, allowing them to rapidly move through a packed column of glass beads.54
Deposition studies on carboxylated SWCNTs in a well-defined porous medium composed

of clean quartz sand has shown that nanotube transport follows conventional colloid
deposition theories (i.e., Landau–Verwey–Overbeek {DLVO}), as increasing solution
ionic strength, through addition of calcium ions, resulted in increased SWCNT deposition.
In addition, it was demonstrated that at low ionic strength (<3.0 mM), both
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physicochemical filtration and straining (i.e., physical removal of particles between two or
more collectors) play roles in SWCNT deposition.55, 56

In a study on the adsorption of

functionalized MWCNTs, further coated with polyethylene-imine (PEI) to give them to
either positive, negative, or neutral surface charges, the results showed that the surfacemodified MWCNTs followed non-linear isotherms, whereas non-modified tubes displayed
almost linear adsorption isotherms. However, “sorption” results were not that different
among various soils containing different amounts of soil organic carbon and different
cation exchange capacities.57

1.5.3. Environmental Transformation
Research regarding the environmental transformation of CNTs is expanding as
possible CNTs transformations can change the properties of the CNTs, and accordingly
affect their mobility and bioavailability.56

The persistency of CNTs in the environment

will be a strong function of their rate of transformation (in addition to their phase behavior).
Therefore, research regarding possible transformation processes of CNTs in natural or
engineered systems is growing in recent years.

Carboxylated SWCNTs were shown to

undergo reactions with enzymes resulting in some CO2 production, using a typical soil
enzyme, horseradish peroxidase and H2O2, whereas unfunctionalized SWCNTs were
shown to be persistent in the presence of the same enzyme system.58, 59

For engineered

systems, it has been demonstrated that unfunctionalized SWCNT can be photohydroxylated in the absence of dissolved O2 under 254 nm ultraviolet (UV) light
irradiation.12

Oxidants used in wastewater treatment, such as ozone60 and Fenton’s

reagent, have been shown to introduce oxygen containing functional groups onto the
surface of the carbon nanotubes.61

However, there have been limited studies on

environmentally relevant phototransformations of SWCNTs.
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1.6. Photochemical Reactions of SWCNTs
The light absorptivity of CNTs within the solar spectrum is extensive due to their
extensive conjugated π-bonds structure, and absorption of solar light by some CNTs has
been shown to cause them to chemically react.

For example, singlet oxygen was shown

to be photo produced from carboxylated CNTs or CNT-modified with chitosan, after
irradiation at 532 nm with laser light, with the investigators concluding this occurred
through a two-photon process.62

CSWCNTs and MWCNTs have been shown to

photosensitize ROS generation under lamp light at wavelengths within the solar spectrum
(λ = 300 to 400 nm) and within sunlight, whereas unfunctionalized SWCNTs dispersed
with a surfactant were shown to be less photoreactive.63-66
Additional studies have reported phototransformation of CNTs upon UV or visible
light exposure.

Photo-oxidation of MWCNTs was reported to occur preferentially at

defect sites on CNTs, upon exposure to 254 nm light.67

Alvarez et al. (2008) have shown

that HIPCO-type SWCNTs in surfactant solution undergo photo-hydroxylation upon
exposure to UV light at 254 nm.

The hydroxylation in the absence of oxygen was

attributed to the direct reaction of photosensitized nanotubes with H2O, due to suppression
in CNT hydroxylation in the presence of molecular oxygen.68

Hwang et al. studied UVA

photochemical transformation of CMWCNTs under UVA (300–400 nm) irradiation (the
range of wavelengths of UV light within solar irradiation).

In this study, loss of surface

oxygen was observed, resulting in a decrease in the colloidal stability of the tubes.69
Photo-oxidation of unfunctionalized SWCNTs dispersed in 30% H2O2 was observed upon
laser irradiation (power =100 Mm/cm2) under different ranges of wavelengths (λ = 400500, 500-600 and 600-700 nm).70

1.7. Carbon Nanotube Extraction from Environmental Matrices
Detection and possibly quantification of CNTs in soils and sediments can be
accomplished in three steps consisting of: 1) Extraction of the CNTs from the media (i.e.,
soil or sediment); 2) separation of the CNTs from extracted interfering substances, such as
soil organic matter and salts; and 3) detection of the CNTs with an appropriate
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spectrometric method.

After extraction, step 2 potentially may be accomplished by

density gradient centrifugation (DGU), or fluid flow fractionation (FFF)71, 72 73 , whereas
several analytical methods exist to confirm (i.e., detect) the CNTs once they are isolated.
Hence, the first step of simple extraction from soils, sediments or even biological matrices
is the least studied to date, with few reports in the literature.
Included in these limited reports is the work of Schierz et al., who applied various
surfactants along with high power sonication to extract both oxidized and pristine
SWCNTs from sediments.

Subsequently, they applied Near Infrared Fluorescence

Spectrometry (NIRF) to quantify the extracted SWCNTs.9

Due to the thermal stability of

CNTs, thermal techniques has been used to isolate and quantify carbon nanotubes in a
complex matrix.

Temperature-programmed oxidations (TPOs) and hydrogen-assisted

thermal degradations (HATDs) were coupled with mass spectrometry to monitor SWCNTs
in various environmental and biological matrices.74

Programmed thermal analysis (PTA)

was used to detect carbon nanotubes in environmental matrices (e.g., cyanobacteria and
urban air).

In the study, Doudrick et al. used Raman spectrometry to identify the thermal

stability of 14 different types of CNTs, produced by a range of different method For
example, carbon nanotubes with higher defect ratios have lower oxidation temperatures,
allowing Doudrick et al. to determine the specific temperatures for each type of carbon
nanotube combustion response.75
1.8. Chapter Outline
The goal of this dissertation was to study the photochemistry of unfunctionalized and
carboxylated SWCNTs under environmental relevant conditions, and to examine potential
extraction methods for isolating unfunctionalized SWCNTs from soil.
In Chapter 2, the indirect photochemical oxidation of unfunctionalized SWCNTs by
hydroxyl radicals is reported.

Reactions were studied with the SWCNTs in both

dispersed (with surfactant) and aggregate form.

The data shows that the specific

SWCNTs studied undergo reaction with hydroxyl radicals, as indicated by UV-visible and
NIRF analysis. Decrease in both the UV-visible and NIRF signals occurred, and surface
oxidation was observed upon light irradiation with hydrogen peroxide.
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In Chapter 3, upon lamp and solar irradiation, CO2 head-space analysis, X-ray
photoelectron spectroscopy (XPS) analysis, and detection of ROS generation were
performed on samples of carboxylated SWCNTs (CSWCNTs).

In addition, the rate of

CO2 evolution was measured as a function of light wavelength (above 280 nm [nominally
300 nm], and above 400 nm) by using two different cutoff filters. The results suggest that
approximately 2.7% of the nanotube carbon was converted to CO2 within 30 days, with the
source of the CO2 confirmed by stable carbon isotope analysis.

XPS analysis on sunlight

irradiated CSWCNTs indicated an increase in the oxygen content from 13.8% to 15.2%.
Wavelength dependency experiment with solar light within the visible spectrum (>400 nm)
showed that visible light plays a significant rule in photo-production of 1O2 and O2∙-.
Although ∙OH is produced through photosensitization of aqueous suspensions of
CSWCNTs by solar light at wavelengths from 300 to 400 nm, it is not observe under solar
visible light (> 400 nm).
In Chapter 4, potential solvent extraction techniques for removing unfunctionalized
SWCNTs from soil and sand were examined. The result shows that solvent type and
sonication time play important roles in the extraction efficiency of the SWCNTs. 1,2Dichlorobenzene (DCB) coupled with probe sonication proved to be most effective.
Density gradient ultracentrifugation (DGU) as the potentials method for purification of the
extracted SWCNTs was tested.
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CHAPTER 2. INDIRECT PHOTOCHEMICAL OXIDATION OF SINGLE-WALLED
CARBON NANOTUBES IN WATER

2.1. Table of Contents Graphic

2.2. Abstract
Information regarding possible transformation pathways of carbon nanotubes (CNTs)
in the environment is required in order to evaluate environmental and health consequences
of these materials.

Direct and/or indirect solar light-induced photochemical reactions

may be important environmental fate processes for CNTs.

This study further explores

indirect photochemical reactions involving unfunctionalized single-walled carbon
nanotubes (SWCNTs) in aqueous media.By adding hydrogen peroxide to aqueous
suspensions of SWCNT, hydroxyl radicals were generated photolytically under lamp light
at wavelengths of 300-410 nm.

Unfunctionalized SWCNTs containing a high fraction of

13

semiconducting (6, 5 chirality) tubes (SG65), dispersed in water with addition of sodium
dodecyl sulfate (SDS), were
shown undergo reaction by observing a decrease in UV-Visible light absorbance, an
increase in the Raman I(D) band relative to the I(G) band, and the fading of near-IR
fluorescence.

Additional experiments performed in the light with hydrogen peroxide but

without surfactant, also indicated a decrease in the near-IR fluorescence signals of samples
after 68 and 93 days, initiating slow dark reactions occur between hydrogen peroxide and
the SWCNTs.

2.3. Introduction
The exceptional properties of carbon nanotubes have attracted the attention of
researchers in many fields.

Due to increasing annual production rates, it is very likely

that these materials will find their way into the natural environment.

Previous studies and

on-going research shows that toxicity varies as a function of their physicochemical
properties.76-80

For example, surface oxidation enhances the cytotoxicity of multi-walled

carbon nanotubes (MWCNTs) towards lung cells.77

Similarly, Bottini et al. (2006)

reported that oxidized carbon nanotubes can be more toxic toward cells compared to
unfunctionalized (i.e., pristine) nanotubes due to the fact that oxidized carbon nanotubes
can disperse better in aqueous solution, reaching higher concentrations of “dispersed”
nanotubes at similar weight per volume values.76

Information regarding the possible

transformation pathways of carbon nanotubes (CNTs) in the environment is required in
order to evaluate environmental and health consequences of these materials.
Direct and/or indirect solar-induced photochemical reactions may be an important fate
process that can contribute to the transformation of carbon nanotubes in the natural
environment.
Photodecomposition may precede both by direct photochemical reaction, involving
immediate changes to the material upon absorption of light, and by indirect (sensitized)
processes. Reactions with photochemically generated reactive intermediates such as
hydroxyl radicals, singlet oxygen, carbonate radicals, and aqueous electrons results in
indirect photolysis.81, 82 Among various reactive intermediates produced in natural waters,
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hydroxyl radicals (∙OH) plays a significant role in the phototransformation of organic
compounds and materials in natural waters due to their high reactivity toward reduced
carbon. These radicals react relatively non- selectively with organic compounds at a very
high rate, reaching nearly the diffusion-controlled limit for hydrogen atom abstraction, or
addition to double bonds.83

Nitrate photolysis, photolysis of dissolved organic matter,

and the photo-Fenton reaction have been identified as the major sources of
photochemically generated ∙OH in most natural waters,84-87 often producing steady-state
∙OH concentrations in the range of 10-17 to 10-15 M.
Few studies have focused on the environmental photochemistry of CNTs.

Under

254 nm light (i.e., light not within the solar spectrum) photochemical transformation of
solid phase single-walled carbon nanotubes67 and multi-walled carbon nanotubes88 in the
presence of oxygen has been reported, and photochemical transformation of HIPCOSWCNTs in aqueous surfactant mixtures in the absence of oxygen has been reported also.68
Photo-oxidation of unfunctionalized single-walled carbon nanotubes dispersed in 30%
H2O2 was observed upon laser light irradiation (power = 100 Mm/cm2) within different
wavelength ranges (λ= 400-500, 500-600 and 600-700 nm).

To explain the possible

mechanism, it was claimed that hydroxyl radicals were formed from hydrogen peroxide
upon single-walled carbon nanotube fluorescence emission.70

Aqueous suspensions of

carboxylated single-walled carbon nanotubes (SWNT-COOH from Carbon Solutions, Inc.)
were shown to photo-sensitized the generation of singlet oxygen (1O2), superoxide anion
(O2-∙), and ∙OH under lamp light (within the solar spectrum) and under sunlight.89

Hwang

et al. have reported that oxygen loss from carboxylated multiwall carbon nanotubes after
exposure to UVA light (300-400 nm) is possibly the result of simple decarboxylation of
the existing carboxyl groups.69
The objective of the present study was to demonstrate indirect photochemical
transformation of unfunctionalized single-walled carbon nanotubes (SWCNTs) as a result
of direct reaction with hydroxyl radicals, at hydroxyl radical concentrations that are
representative of concentrations found in sunlit natural waters.
generated by photolysis of H2O2.

To do this, ∙OH was

The photoproducts were characterized by UV-Vis,

Raman spectrometry, near-infrared fluorescence (NIRF) spectroscopy, and X-ray
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photoelectron spectrometry (XPS).

Experiments were conducted with SWCNTs

dispersed in water with surfactants, and with pure SWCNTs added to water in the absence
of any dispersant.

2.4. Experimental Methods
2.4.1. Materials
SG-65 single walled carbon nanotubes (SG65-SWCNTs) were purchased from
SouthWest NanoTechnologies and contained a high fraction of semi-conducting 6,5 rollup angle, small diameter SWCNTs. These carbon nanotubes were made by using the CO
disproportionation method catalyzed by cobalt and molybdenum (i.e., the CoMoCAT®
process). Scanning electron microscopy analysis of the SG65-SWCNTs indicated a metal
content of 1 to 2%.

All other chemical were purchased from Sigma Aldrich Co. in the

highest purities available, and were used without further modification.

All water was

purified with a Barnstead Nanopure system (Dubuque, IA) after R/O pretreatment.

2.4.2. SG65-SWCNT Suspension Preparation
Briefly, 2 mg carbon nanotubes were added to a glass vial and 10 mL 2% (v/w) sodium
dodecyl sulfate solution was added. The mixtures were sonicated using a probe sonicator
(Fisher Model 50 Sonic dismembrator) at 50% amplitude (approximately 25 Watts output
power).

To prevent an increase in temperature, solutions were immersed in an ice bath

during sonication.

From this stock suspension, dilutions were made to reach the desired

carbon nanotube concentration (15 mg/L).

Samples were adjusted to pH 7 by adding

appropriate phosphate buffers (e.g., KH2PO4 and K2HPO4). Enough NaCl was added to
adjust the ionic strength into 20 mM.

Hydrogen peroxide (30% stock solution) was added

to the samples to achieve a 100 mM hydrogen peroxide concentration.

For Petri dish

experiments, 5 mg SG65-SWCNT aliquots were added into a series of Pyrex Petri dishes,
to which 30 mL water was added.

Hydrogen peroxide (H2O2) photolysis was used to

generate a nearly constant steady-state hydroxyl radical (OH) production rate (eq 2.1).
Direct hydrogen peroxide photolysis results in the following reactions,90, 91
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ℎ𝑣

𝐻2 𝑂2 → 2 ∙ OH

(2,1)

∙ OH + 𝐻2 𝑂2 → 𝐻2 𝑂 ∙ +𝑂2

k = 2.7 × 107 M-1S-1

(2,2)

𝐻𝑂2 ∙ + ∙ OH → 𝐻2 𝑂 + 𝑂2

k = 6 × 109 M-1S-1

(2,3)

𝐻𝑂2 ∙ +𝐻𝑂2 ∙→ 𝐻2 𝑂2 + 𝑂2

k = 8.3 × 105 M-1S-1

(2,4)

The overall net reaction from the above sequence of reactions is,
2𝐻2 𝑂2 + ℎ𝑣 → 2𝐻2 𝑂 + 𝑂2

(2.5)

Yet, during this reaction series, OH is present always at a very low concentration.
Hydrogen peroxide (100 mM) was added to the carbon nanotube suspensions and samples
were placed in the light and in the dark.

Hydrogen peroxide concentrations were

measured through the experiment and periodically additional H2O2 was added to maintain
a concentration between 60-100 mM.

For petri-dish experiments that had no surfactant

present, 5 mg quantities SG65-SWCNT were added to a series of Pyrex Petri dishes along
with 30 mL water. To some of the Petri dishes, hydrogen peroxide (100 mM) was added.
Dark control samples were prepared by wrapping the Petri dishes in double layers of
aluminum foil.

2.4.3. Lamp Light Irradiation
For lamp light experiments in which Pyrex test tubes were used, the tubes were
irradiated within a Rayonet merry-go-round photochemical reactor (RPR-100, Southern
New England Ultraviolet, Branford, CT) equipped with 16 black-light phosphor lamps (24
W each) that emit light in the solar region between 300-410 nm.

Petri dish samples were

irradiated using a horizontally configured overhead bank of parallel 13 8-Watt lamps (EK
15515 from Service Lighting) housed in a series of under-cabinet fixtures (NULS-8 from
Nora Lighting). Two small fans were used to maintain a constant temperature around the
Petri dishes.

After irradiation, the material recovered from each Petri dish was freeze-

dried and then heated in an oven to 70o C for 3 days prior to material characterization.
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2.4.4. Material Analysis
UV−visible absorption spectra were recorded with a Varian Cary 300
Biospectrophotometer with matched 1-cm path length quartz cuvettes.
were recorded on an Xplora Raman system.

Raman spectra

Spectra were collected using an excitation

wavelength of 532 nm and the scattered light was recorded over the range of 500 to 3000
cm-1 to be able to observe both D and G band intensities. The instrument parameters were
adjusted to the following values: slit = 200 µm, hold= 300, grating = 1800, filter = 10%
and microscope objective = 100. Raman spectra were collected on the powdered form
of the carbon nanotubes mounted on a microscopic slide with a 10 second exposure time
with 3 spectra averaged.
We used a Horiba Fluorolog 3-221 spectrofluorometer to monitor the change in the
semiconducting SWCNT band gap fluorescence (i.e., photoluminescence) before and after
light exposure.

The spectrofluorometer was equipped with an InGaAs near-IR detector

that was cooled by liquid N2.

The spectra were corrected for variations in the wavelength-

dependent excitation intensity and detector sensitivity. The photoluminescence maps of
photo-irradiated and dark control Petri dish materials were recorded by suspending the
carbon nanotube samples (that has been previously freeze-dried and oven-dried) in 1%
sodium deoxycholate (SDOC), and centrifuging them at 21,000 g for 2 hours.

The

supernatants were collected and concentrations were adjusted to similar levels, as indicated
by UV-visible absorbance.

All sample pH values were adjusted to 8.0 before

photoluminescence analysis by adding 0.1 M NaOH.

It has been shown that SWCNT

fluorescence occurs most strongly at high pH values, likely due to reversible protonation.92
X-ray photoelectron spectroscopy (XPS) analysis was performed to determine
changes in the percentage of oxygen present on the surface of each SWCNT sample under
the various exposure conditions.

All XPS analysis was conducted by Julie Bitter and

Howard Fairbrother at Johns Hopkins University.

For their analysis, a small sample of

the powdered SWCNT was pressed onto a 3 mm by 3 mm piece of double sided copper
tape that was adhered to an XPS sample stub.

A PHI 5600 XPS system using Mg Kα x-

ray (1253.6eV) irradiation was used to analyze the four SWCNT samples.

A high energy
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electron analyzer operating at constant pass energy was used to measure the ejected
photoelectrons. Elemental quantification was performed using a pass energy of 58.7 eV
at a scan rate of 0.125 eV/step.

Each sample was analyzed for total oxygen content as

well as three individual oxygen-containing functional groups using wet chemical
derivatization techniques.12

Commercial software (CasaXPS) was used to quantify

elemental regions by integrating the area under the C(1s), O(1s), F(1s), and N(1s) peaks.
Higher resolution scans of the original powders before chemical derivatization were
performed using pass energy of 5.85eV at a scan rate of 0.05 eV/step to distinguish the
features in each element’s line-shape.
For high resolution TEM analysis, 3 l of each carbon nanotube suspension was
placed on a lacy carbon grid and excess water removed by touching the edge of the grid
onto filter paper. Samples were examined using a 200KV FEI Tecnai TEM with a LaB6
filament.

Images were recorded using a Gatan 2kx2kx US1000 CCD camera.

Hydrogen peroxide was measured by using the DMP method.93, 94

Hydroxyl radicals

were detected by monitoring the loss of 0.28 mM p-chlorobenzoic acid (pCBA), which is
often used as a trapping indicator due to its nearly diffusion limited reaction rate constant
with OH (k (pCBA+ (OH)) = 5.2 × 109 M-1s-1) and ease of analysis by HPLC methods. 95,
96

Detailed descriptions of these methods are available in the Supporting Information.

2.5. Results and Discussion
Figure 2.1a shows the UV–visible spectra of SG65-SWCNT after increasing periods
of irradiation with lamp light in aqueous SDS suspensions in the present of 60-100 mM
H2O2.

SG65-SWCNTs have a characteristic absorption peak at 567 nm, which is assigned

to the 6,5 chirality tubes.7, 97

This absorption peak decreases with increased irradiation

time and ultimately disappeared, suggesting cleavage of π-bonds, and formation of other
covalent sp3 bonds on the nanotubes due to reactions with hydroxyl radicals.

Figure 2.1b

shows a 2-D NIRF scan of the same carbon nanotube samples shown in Figure 1a, and
shows a decrease in the fluorescence intensity over time.

While there was a minimal
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change in fluorescence during the first five days of irradiation with hydrogen peroxide, the
signal faded after longer irradiation periods (e.g. > 12 days).

In contrast, samples

irradiated without addition of H2O2 showed minimal changes in the UV-visible absorbance
and NIRF spectra over the same time period, indicating minimal direct photochemical
transformation of the unfunctionalized SWCNT occurred over this time period.

Figure

S2.1 in the Supporting Information shows the fluorescence intensity 3-D maps of two of
the same SWCNT samples reported on in Figure 2.1 (dark and irradiated samples at 24
days).

On the dark control map, the main semiconducting species were identified by their

assigned absorption and corresponding emission wavelengths.97

The major

semiconducting nanotubes present in the SG65 material are identified as (6, 5) and (8, 4)
chiralities, consistent with the supplier’s specifications.

For samples containing hydrogen

peroxide, after 24 days of irradiation, the signals of the (6, 5) and (8, 4) nanotubes were
completely absence, indicating destruction in sp2 bonds.
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Figure 2.1. (a) UV-Visible spectra and (b) 2-D NIRF scan of SG65-SWCNT in aqueous
SDS suspensions in the present of 60-100 mM H2O2 as a function of irradiation time (λ =
300-410 nm).

It should be noted that through the experiment, hydrogen peroxide was measured in
the carbon nanotube suspensions in light (a) and dark (b) samples (Figure S2.2).

In the

irradiated samples, hydrogen peroxide decayed to 60% of the initial concentration after 12day of irradiation, and as a result, every 12 days sufficient H2O2 was dosed back to achieve

21
the initial concentration of 100 mM.

Therefore, the hydrogen peroxide concentration

ranged between 60 to 100 mM over the course of the experiment.

There was some H2O2

decay in dark control samples, but only about 20% decay (to 80 mM) after 24 days.
The Raman spectra on the photo-irradiated carbon nanotubes in the presence of H2O2
are shown in Figure 2.2.

Raman spectra of carbon nanotubes typically consist of a

graphitic or G band (around 1590 cm-1) which is the result of the tangential stretching of
C-C bonds in graphitic materials (sp2 carbon system), whereas the D band (near 1300 cm1

) is driven by the disorder in the sp2 carbon network.

Therefore, the extent of defects can

be determined using the ratio of the intensities of the D to G band (ID/IG).98

As shown

in Figure 2.2, where the spectra are normalized to G band intensity, ID/IG increases as the
irradiation time increases.

This further suggests that loss of π bonds and increase in

functionalization of SG65-SWCNTs occurs through hydroxyl radical attack, leading to
more defects (i.e., less sp2 resonance) on the carbon nanotubes.
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Figure 2.2. Raman spectra of irradiated SG65-SWCNT nanotubes (15 mg/L) with 60-100
mM H2O2 as a function of irradiation time (λ=300-410 nm).

Because a significant amount of surfactant exists in these SWCNT suspensions, there
is an obvious competition for the hydroxyl radicals between the carbon nanotubes and the
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surfactant.

To test this hypothesis, the steady-state hydroxyl radical concentrations were

measured in the systems where there was SDS alone, and where there were both SWCNT
and SDS.

Employing pCBA as a reactive ∙OH scavenger, Figure 2.3 shows pCBA decay

(0.28 mM) in 15 mg/L SG65 suspensions in lamp light.

The pseudo-steady-state OH

concentrations occurring over a 124 hour lamp light exposure were calculated to be 1.01 ×
10-15 M in the system containing 0.5% SDS and 100 mM H2O2 only, and 4.17 × 10-16 M in
SWCNT suspensions containing the same amounts of SDS (0.5%) and H2O2 (100 mM).
Note that these concentrations of ∙OH are typical of steady-state concentrations found in
many sunlit natural surface waters (10-17 to 10-15 M).84-87
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Figure 2.3. Decay of pCBA (0.28 mM) under lamp light (λ = 350-410 nm): in suspensions
of 15 mg/L SG65-SWCNT with 0.5% SDS at pH 7 containing 100 mM H2O2 (■), and SDS
(0.5%) only containing 100 mM H2O2 ( ▲ ). The other symbols represent the
corresponding dark control samples of SG65-SWCNTs with 0.5% SDS at PH 7 containing
100 mM H2O2 (□), and SDS (0.5% ) only containing 100 mM H2O2 (Δ).
Upon adding SG65-SWCNTs to water in Petri dishes, the nanotubes tended to weakly
hydrate remaining near the surface of the water, or on the bottom of the Petri dishes as flocs
or aggregates due to their hydrophobicity.

Figure 2.4 shows the surfactant-free

aggregates after 93 days of exposure to H2O2 (60-100 mM) in the dark and in lamp light.
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No difference over time was observed for the dark control samples; however as lamp light
exposure proceeded, the carbon nanotube flocs become smaller and (as will be shown by
XPS analysis) more hydrophilic as the surface oxygen content significantly increased.
High resolution TEM images of the carbon nanotubes (Figure S2.3) and Raman analysis
(data shown in Figure S2.4 and Table S2.1) show small, albeit distinguishable changes in
the density of defects on the carbon nanotubes as a result of their oxidation by the
photochemically generated hydroxyl radicals.
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(a)

(b)

Figure 2.4. Irradiation of SG65-SWCNTs nanotubes with H2O2 in the absence of
surfactant: (a) dark control, and (b) irradiated sample after 93 days of irradiation.
Figure 2.5 shows the photoluminescence (PL) maps of SG65-SWCNT samples that
are (a) “as received” (AS) material from the manufacturer, (b) dark control samples in the
presence of H2O2, (c) lamp-light irradiated sample in the presence of H2O2, and (d) lamplight irradiated sample in the absence of H2O2.

Carbon nanotubes irradiated without H2O2

show a PL similar to that of the “as received” material.

In contrast, dark control samples

with added H2O2 show changes in the fluorescence intensity of the SWCNTs for different
chirality.

In the dark, the (6, 5), (8, 3), and (7, 5) nanotubes decrease in fluorescence,
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whereas there was an increase in the signal from an excitation wavelength of 570 nm,
measuring emission at 1120 nm. This signal is thought to be due to the midgap emission
of (6,5) chiral tubes upon their partial oxidation.99 McDonald et al. observed that purified
SWCNTs grown by decomposition of CO on a cobalt−molybdenum catalyst (CoMoCat)
(similarly prepared as the tubes used in this study) reacted with 15% (w/v) H2O2 in the dark.
They hypothesized that metal contaminants, associated with the SWCNTs, catalytically
generate ∙OH from the H2O2 through a Fenton-type reaction. However, in their study, the
specific oxidant remained unknown to them.

While many possible intermediate

electronic states could be created during the reaction of (6, 5) chiral tubes with ∙OH, the
exact structural features responsible for the midgap emission remain unclear.

While there

are possible H2O2-initiated reactions in the dark (including Fenton’s reaction involving
metal contaminants), the SWCNT samples irradiated in the presence of H2O2 showed
strong fluorescence signal loss compared to the AS samples (Figure 2.5a), or the samples
irradiated without H2O2 (Figure 2.5b), or the dark control sample with H2O2 present.
These results parallel those observed during the experiments detailed above involving
SG65-SWCNT suspended in water by the SDS surfactant.
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Figure 2.5. Photolysis of SG65-SWCNTs dispersed in H2O without surfactant present,
showing (a) as-received SG65, (b) the dark control sample with H2O2 after 68 days, (c) a
sample irradiated for 68 days with H2O2 present, and (d) a sample irradiated for 68 days
without H2O2. After irradiation, samples were dispersed in 1% SDOC to measure the
fluorescence signals, followed by centrifugation to remove any materials that where not
dispersed. Samples were adjusted to the same concentration (7.4 ppm).
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(b)

Figure 2.6. Photolysis of SG65-SWCNTs dispersed in H2O without surfactant present,
showing (a) as-received SG65, (b) the dark control sample with H2O2 (at 93 days), (c)
sample irradiated for 93 days with H2O2 present, and (d) sample irradiated for 93 days
without H2O2. Samples were dispersed in 1% SDOC followed by centrifugation.

NIRF analysis of a SWCNT sample irradiated in a Petri dish for 93 days without
surfactant present is presented in Figure S2.5.

These spectra were recorded on the

SWCNT samples prepared in 1% SDOC without using centrifugation to remove remaining
bundled SWCNTs.

Clearly, the photoluminescence signal is not as strong as that of

samples subjected to centrifugation (as shown in Figures 2.6 and S2.6), likely due to
luminescence quenching by the bundled SWCNTs that are otherwise removed by
centrifugation.

Nevertheless, the loss of fluorescence in the sample irradiated in the

presence of H2O2 (Figure S2.5b) is noticeable compared to the dark control sample (Figure
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S2.5a) with hydrogen peroxide, and the sample irradiated without hydrogen peroxide
(Figure S2.5c).

The PL spectra of 93-day samples (processed after their incubation time

by dispersions with surfactant and then centrifugation to remove SWCNT bundles) are
presented in Figure 2.6.

The fluorescence of a SWCNT sample irradiated with H2O2

(Figure 2.6c) shows a further decrease compared to that of the 68-day-irradiated sample
(also with H2O2) Similar to the 68-day dark control sample with added H2O2, the 93-day
dark control sample (Figure 2.6b) shows a further change in the fluorescence intensity of
some of the nanotubes. This supports the hypothesis that over a long period of time, some
reactions involving H2O2 occur in the dark. Figure S2.6 shows the PL map related to the
93-day samples whose concentrations were adjusted to the same level (7.4 ppm) after probe
sonication and centrifugation.

Results are similar to those without concentration

adjustment.
The XPS results on the same 93-day Petri dish SG65 samples without added surfactant
are presented in Table 2.1.
Table 2.1. Oxygen content of SG65-SWCNT samples after 93 days of irradiation

It is clear that the oxygen content of the irradiated SG65 sample with H2O2 present
significantly increased from 4.4% (as-received) to 16.5%. Both the irradiated SG65
sample without H2O2 present and the dark control sample with H2O2 present exhibited
increases in oxygen content, albeit to a lesser extent, at 11.0% and 11.7%, respectively, and
consistent with the changes in fluorescence intensities.

Chemical derivatization was

performed on all four samples to determine the contribution of hydroxyl (C-OH), carbonyl
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(C=O), and carboxylic acid (COOH) containing functional groups to the overall oxygen
content.

In addition to the increase in total oxygen concentration, there was a marked

increase in the hydroxyl and carbonyl group densities between the as-received and the
SWCNT exposed to the various conditions.

This was accompanied by an increase in the

residual oxygen (those groups unable to be marked by the specific fluorine- containing tags
that identify C-OH, C=O, and COOH groups specifically).

Oxygen-containing functional

groups such as ethers, esters, and epoxides are generally thought not to react with the
fluorine-containing tags, but are measured collectively without tagging.
2.6. Environmental Significance
This work demonstrates that unfunctionalized single-walled carbon nanotube can be
modified by oxidative processes through indirectly photochemical reactions involving
hydroxyl radicals.

Unfunctionalized carbon nanotubes dispersed in surfactant solutions

were shown to undergo significant spectrophotometric changes in the presence of hydroxyl
radical, generated through photolysis of H2O2. Although scavenging by the surfactant
(e.g. SDS) was noticeable, steady-state ∙OH concentrations during the experiments were
similar to those found in typical surface waters exposed to summer sunlight.

In the

absence of a dispersant, flocs of unfunctionalized SWCNT in water were shown to have a
much slower reaction rate when exposed to hydroxyl radicals generated through photolysis
of H2O2.

Yet, both spectrophotometric changes (observed by NIRF) and an increase in

oxygen content (observed by XPS analysis) occurred under lamp light irradiation, but also
at a slow rate in the dark (with H2O2 present in the water phase).

2.7. Supporting Information

2.7.1. Hydroxyl Radical and Hydrogen Peroxide Measurement
2.7.1.1. Hydroxyl Radical Measurement
p-Chlorobenzoic acid (pCBA) was used as a hydroxyl radical (∙OH) scavenger.

This

method serves as a spectroscopic method to quantify steady-state hydroxyl radical in the
system though the following equations:
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−

𝑑[𝑝𝐶𝐵𝐴]

−

𝑑[𝑝𝐶𝐵𝐴]

𝑑𝑡
𝑑𝑡

= 𝑘𝑟 [∙ OH]𝑠𝑠 [𝑝𝐶𝐵𝐴]

(S2.1)

= 𝑘𝑒𝑥𝑝 [𝑝𝐶𝐵𝐴]

(S2.2)

[∙ OH]𝑠𝑠 =

𝑘𝑒𝑥𝑝

(S2.3)

𝐾𝑟

Where [∙ OH]𝑠𝑠 is the steady-state concentration of •OH , kexp is the experimentally derived
pseudo first-order rate constant, and kr = 5.2 × 109 M-1s-1. 95, 96

To measure pCBA,

samples were filtered through 0.2-μm membrane filters prior to high performance liquid
chromatography (HPLC) analysis.
UV/Vis detector set at 230 nm.

Residual pCBA was measured by HPLC with the

HPLC separation was on a standard C18 analytical column

using acetonitrile/water (14:86) containing 40 mM phosphate buffer (pH = 7) as the mobile
phase.

2.7.1.2. Hydrogen peroxide measurement
DMP method were applied to measure residual concentration in samples. 93, 94

This

method is based on the reduction of copper (II) with H2O2 which produces
Cu (DMP) 2+ complex, a bright yellow compound with maximal absorbance at 454 nm.
+
2𝐶𝑢2+ + 4𝐷𝑀𝑃 + 𝐻2 𝑂2 → 2𝐶𝑢(𝐷𝑀𝑃)+
2 + 𝑂2 + 2𝐻

(S2.4)

1 mL of each of DMP (1 g/100 ml ethanol), copper (II) sulfate (0.01 M), phosphate buffer
(pH 7.0) solutions were added and mixed. 1mL of diluted sample was added followed by
adding 6 mL nanopure water and mixing. Standard solutions and samples were analyzed
on a UV-vis spectrophotometer at 454 nm and the standard curve was made by linearly
correlating the absorbance at 454 nm of each standard sample (Y-axis) to the corresponding
concentration (X-axis).
From the calibration curve, H2O2 concentrations can be calculated as follows:

𝐻2 𝑂2 (𝑀) = 10

∆𝐴𝑏𝑠454𝑛𝑚
∈𝑉

(S2.5)
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Where ∆Abs 454nm is the absorbance difference between sample and blank solutions at 454
nm,
ε is the slope of the calibration curve (M-1 cm-1), [H2O2] is the H2O2 concentration (M), and
V is the added sample volume (V=1 mL in our case)

Figure S2.1. Photoluminescence spectroscopy (PL) map of (a) dark control, and (b)
irradiated sample after 24 days at (λ = 300-410 nm).
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Figure S2.2. H2O2 concentration profile in the presence of SG65 SWCNT sample (a)
under lamp light irradiation, and (b) in dark (λ = 300-410 nm).
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Figure S2.3. High resolution TEM images of (a)irradiated and (b) dark control with
hydrogen peroxide. Irradiation was under lamp-light for 68 days.
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Figure S2.4. Raman spectra of SG65-SWCNTs after 93 days irradiation.

Table S2.1. Defect intensity ratio (ID:Ig) of SG65-SWCNTs from petri-dishes experiment

Sample ID

I D:I G

as-received SG65

0.10

dark control SG65 w H2O2 _93 days

0.13

irradiated SG65 w/o H2O2 _93 days

0.12

irradiated SG65 w H2O2 _68 days

0.14
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Figure S2.5. Photolysis of SG65 dispersed in H2O without surfactant present, showing (a)
the dark control sample with H2O2 (93 days), (b) sample irradiated for 93 days with H2O2
present, and (c) sample irradiated for 93 days without H2O2. Samples were dispersed in
1% SDOC without centrifugation to remove carbon nanotube bundles.

(c)
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Figure S2.6. Photolysis of SG65 dispersed in H2O without surfactant present, showing (a)
the dark control sample with H2O2 (93 days), (b) sample irradiated for 93 days with H2O2
present, and (c) sample irradiated for 93 days without H2O2. Samples were dispersed in
1% SDOC followed by centrifugation. Samples were adjusted to the same concentration
(7.4 ppm).
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CHAPTER 3.AQUEOUS PHOTOCHEMISTRY OF CARBOXYLATED SINGLEWALLED CARBON NANOTUBES: CO2 FORMATION AND WAVELENGTH
DEPENDENCY

3.1. Table of Contents Graphic

3.2. Abstract
Information regarding possible transformation pathways of carbon nanotube (CNTs)
in the environment is required in order to evaluate environmental and health consequences
of these materials.

To this end, we examined the phototransformation of carboxylated

single walled carbon nanotubes (CSWCNTs) under lamp light within solar spectrum (300410 nm).
Headspace analysis of irradiated CSWCNTs showed a zero-order CO2 increase of 0.4
µg C per day, while dark control and irradiated blank samples showed no increase. After
30 days of lamp irradiation, the calculated total inorganic carbon (TIC) generated from
0.45 mg CSWCNT carbon was 0.0121 mg, or 2.69% of the initial CSWCNT carbon. The
ratio of stable carbon isotopes (13C/12C) in the headspace CO2 after five days decreased to
that of the CSWCNTs, which are depleted in 13C compared to atmospheric CO2, confirming
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that the CNTs were the source of the CO2 carbon. Chemical derivatization of oxygen
containing functional groups on the irradiated SWCNTs prior to X-ray photoelectron
spectroscopy (XPS) shows an overall increase in the oxygen content from 13.8% to 15.2%.
Additionally, the wavelength dependency on reactive oxygen species generation in sunlight
was investigated using 400- and 280-nm cutoff filters. Aqueous colloidal dispersions of
CSWCNTs generated reactive oxygen species (ROS) including singlet oxygen (1O2),
superoxide anion (O2.-), and hydroxyl radicals (∙OH) under the 280-nm cutoff filter (which
allows all wavelengths of sunlight though).

However, under the 400-nm cutoff filter,

slower rates of 1O2, O2.- were observed, and no measurable ∙OH was produced.

3.3. Nano impact
Photochemical reactivity of carboxylated single walled carbon nanotubes (CSWCNTs)
under sunlight and in lamp light (λ = 300 to 400 nm) was investigated, as phototransformation is one of the possible processes that may act on carbon nanotubes in the
environment.

Headspace analysis of CSWCNT samples over the course of irradiation

showed that CO2 evolution followed a zero-order increase at a rate of 0.4 µg/day (as C).
After 30 days under lamp light, 2.69% of the nanotube carbon was converted to CO2. In
addition, using cutoff filters, results indicate that CSWCNTs exposed to longer wavelength
solar light (> 400 nm) still have the ability to generate some reactive oxygen species.

3.4. Introduction
Due to their unique electrical, mechanical, and optical properties, applications for
carbon nanotubes (CNTs) in industrial and consumer products have been increasing in
recent years.
2006.100

Indeed, CNT worldwide production has increased by over 10-fold since

Carbon nanotubes have been incorporated into composite materials,

electrochemical devices, and probe and sensors.3

This increase in production, and

consequential incorporation into a range of industrial and consumer products, will result in
the release of CNTs to the natural environment through engineering systems (e.g.,
municipal drinking and wastewater treatment plants), through accidental release, and
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through other unintended releases during the various stages of each product’s life cycle.56,
101, 102

After release, CNTs may undergo biologically mediated or physicochemical
transformation, altering their properties, and consequently affecting their toxicity.56, 101, 103
Therefore, several studies on potential reactions of both functionalized and
unfunctionalized carbon nanotubes have been appearing in the literature in recent years.
Under aqueous conditions somewhat similar to that occurring in UV disinfection units at
wastewater treatment plants, surfactant dispersed unfunctionalized single-walled carbon
nanotubes (SWCNTs) have been shown to photo-hydroxylated in the absence of dissolved
O2 after exposure to 254 nm ultraviolet (UV) light.

In the study, it was postulated that

hydroxyl radicals were formed, resulting in hydroxylation of the nanotubes.68

UV light

at a wavelength of 254 nm also was shown to oxidize multi-walled carbon nanotube
(MWCNT) films.

The defects on the tube walls were claimed to contribute in the

formation of triplet excited state carbon, and chemisorption of oxygen.67
Carboxylated multi-walled carbon nanotubes (CMWCNTs) have shown also to
undergo phototransformation upon exposure to UVC (below 280 nm) light.104
these wavelengths is not part of natural sunlight (i.e., >300 nm).

Note, light

In this study, the authors

claimed that the CMWCNTs photo-decarboxylate through a rearrangement mechanism
where CO2 is released and the hydrogen (in COOH) forms a new bond where the carboncarbon bond was cleaved.

Consistent with this mechanism, X-ray photoelectron

spectroscopy (XPS) showed a decrease in the number of carboxylic acid functional groups,
which further caused the MWCNTs to aggregate and settle as irradiation proceeded.104
Potential reactions of CNTs in the natural environment, including photochemical
reactions, also have been reported. Enzymatic degradation of CSWCNTs in the presence
of H2O2 by the soil enzyme horseradish peroxidase were reported, whereas
unfunctionalized SWCNTs were more persistent under the same conditions.58, 59

The

authors of this study measured production of CO2 as well as the formation of multiple
organic products.
Under lamp light, at wavelengths within the solar spectrum (λ = 300-400 nm), and in
sunlight, CSWCNTs have been shown to photosensitize production of several reactive
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oxygen species, whereas unfunctionalized SWCNTs dispersed in surfactant solutions have
been shown to be less reactive.63-65

Hwang et al. (2013) studied photochemical

transformation of CMWCNTs under lamp light irradiation at 300–400 nm, portions of the
UVA spectrum (315-400 nm) and UVB spectrum (280-315 nm) in sunlight with the most
energy.

In this study, loss of oxygen from the CMWCNTs occurred upon light exposure

which resulted in a decrease in the colloidal stability of the nanotubes.69

In another study

from the same research group, Qu et al.66 reported that CMWCNTs generate singlet oxygen
(1O2) and hydroxyl radicals (OH) under UVA light.

In the study, the authors

hypothesized that the reaction of surface carboxyl groups with OH occurred which resulted
in their “exfoliation”. Defects, including functional groups and vacancies, were formed
as a result of further reaction between OH and the nanotubes.

Hou et al.105 reported that

unfunctionalized SWCNTs undergo covalent functionalization in the presence of ∙OH.
Hydroxyl radicals (∙OH) are an important intermediate in natural surface waters, and are
produced from natural organic matter (NOM) and nitrate photolysis.

The authors

observed bleaching in the NIR fluorescence signal, shifts in the Raman spectra, and an
overall decrease in the light attenuation spectra in the UV, visible, and NIR regions.
The focus of this study was to further assess photochemical reactions of CSWCNTs
that may occur in natural aquatic environments.

Specifically, headspace analysis of light

irradiated CSWCNTs was performed to determine whether CO2 evolution occurred, and
X-ray photoelectron spectroscopy (XPS) was used to identify changes in the functional
group composition of the CSWCNTs.

Additionally, because the specific carbon

nanotubes used in the experiments are known to product reactive oxygen species63, the
wavelength dependency of ROS generation was examined using 280 and 400 nm cutoff
filters in sunlight.
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3.5. Experimental Methods

3.5.1. Materials
CSWNT from Carbon Solutions, Inc., containing 1 to 3 atomic% carboxylic acid with
carbonaceous purity > 90%, were used without further purification in most experiments
(Lot#03-A011).

The manufacturer claimed 5-7 wt% metal content from TGA in air.

Furfuryl alchohol (FFA), 2H-tetrazolium-5-carboxanilide (XTT), p-chlorobenzoic acid
(PCBA) were obtained from Sigma-Aldrich Co. (St. Louis, MO). H3PO4 (85% solution)
was purchased from Mallinchrodt Chemicals. DMP (2,9-dimethyl-1,10-phenanthroline)
was obtained from GFS Chemicals.

All water used to prepare suspensions and solutions

was purified with a Barnstead Nanopure system (Dubuque, IA) after R/O pretreatment.

3.5.2. CSWNT Sample Preparation and Characterization
A dispersion of CSWNTs at 50 mg/L was prepared by adding 5 mg carbon nanotubes
to 100 mL water and sonicating under low energy (8890R-MT, Cole-Parmer, Vernon Hills,
IL, operating at 80 W) for 3 hrs. The suspensions were stable with no phase separation
after several weeks of quiescent standing.

In all experiments except for those in which

samples were prepared for XPS analysis, samples were buffered to pH 7 by adding
appropriate phosphate buffers, to a total phosphate concentration of 5 mM and by adding
sufficient NaCl to adjust the ionic strength to 20 mM.

3.5.3. Lamp Light Irradiation
Lamp light experiments were performed within a Rayonet merry-go-round
photochemical reactor (RPR-100, Southern New England Ultraviolet (SNEU), Branford,
CT) with 16 black-light phosphor lamps (24 W each) that emit light in the solar region
between 300-410 nm.

Lamp light irradiations were carried out using glass tubes (16 mm

O.D. × 125 mm) sealed with PTFE-lined caps and placed in the merry-go-round at the
center of the reactor and rotated at 5 rpm to ensure uniform exposure.

In all lamp

experiments, 8 black-light phosphor lamps (RPR-3500 Å, 24 W each, from SNEU) were
used.
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3.5.4. Sunlight Irradiation
Sunlight irradiation occurred on the roof of Hampton Hall at Purdue University, West
Lafayette, IN (86° 55′ W, 40° 26′ N).

When cut-off filters were used, samples were

attached to the bottom of a black box and the filter was placed on top. The cut-off filters
were Polycast UVT (280 nm cutoff) and UF-3 (400 nm cutoff) from Spartech Corp.
(Clayton, MO). The spectral response related to each filter can be found the Supporting
Information (Figure 3S.4). For XPS analysis, 2.8 L of a 10 mg/L CSWCNT suspension
was prepared and divided into 40 mL aliquots, placing each aliquot into a cylindrical
borosilicate glass tubes (25mm O.D. × 150 mm), and then exposing all tubes to sunlight
from May 17th to July 18th, 2014. After the irradiation period, the material in each tube
was freeze-dried to remove most of the water, and then oven-heating at 70° C for 24 hours
to remove the remaining water.

3.5.5. Analysis
UV-visible absorption spectra (in reality: attenuation spectra since the nanotubes
scatter the light also) were recorded with a Varian Cary 300 Biospectrophotometer with
matched 1-cm path-length quartz cuvettes. CO2 in the headspace was measured using a
PDZ-Europa trace gas analyzer in conjunction with a 20/20 PDZ-Europa isotope ratio mass
spectrometer (TGA-IRMS, Secon, Crewe, UK).

Isotope composition of the CSWNTs

was measured using a CHN elemental analyzer (EA) (Sercon Ltd., Crewe, UK) interfaced
to a 20/20 PDZ-Europa isotopic ratio mass spectrometer (IRMS) (Sercon, Crewe, UK).106
Raman spectra were recorded on an Xplora Raman system.

Spectra were collected using

an excitation wavelength of 532 nm and the scattered light was recorded over the range of
500 to 3000 cm-1 to be able to observe both D and G band intensities. The instrument
settings were adjusted to the following values: slit = 200 µm, hold= 300, grating = 1800,
filter = 10% and microscope objective = 100.

Raman spectra were collected on the

powdered form of the carbon nanotubes mounted on a microscopic slide with a 10 second
exposure time with 3 spectra averaged.
X-ray photoelectron spectroscopy (XPS) analysis was performed to determine changes in
the percentage of oxygen present on the surface of each CSWCNT sample under the
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various exposure conditions.

All XPS analysis was conducted by David Goodwin and

Howard Fairbrother at Johns Hopkins University.

For their analysis, samples from before

and after irradiation were dusted onto 0.5 cm2 copper tape. Spectra were collected with a
PHI 5600 XPS system (Pbase < 5  10-9 Torr) using incident Mg Kα X-rays (1253.6 eV, 15
kV, 300 W) and a high-energy electron energy analyzer operating at a constant pass-energy
of 58.7 eV, a resolution of 0.125 eV/step and a slot aperture of 800 µm2. Quantitative
analysis was performed using CasaXPS software (Teignmouth, UK) and data was
normalized to the control sample (before irradiation). Chemical derivatization coupled to
XPS (CD-XPS) was used to determine the relative concentration of oxygen-containing
functionalities before and after irradiation.

In brief, 2,2,2-trifluoroacetic anhydride

(TFAA), 2,2,2-trifluoroethylhydrazine (TFH), and 2,2,2-trifluoroethanol (TFE) mixed with
di-tert-butylcarbodiimide (DTBC) and pyridine were used to selectively tag hydroxyl (COH), carbonyl (C=0), and carboxyl (COOH) functionalities. Additional method details
are outlined elsewhere.107

3.5.6. Headspace Analysis
Suspensions of CSWNTs (10 mL) were placed in a series of 16 mL test tubes, creating
6 mL headspace in each tube. The tubes were clear glass vials (21 mm O.D. × 70 mm
long, National Scientific Inc.) and were capped with black open caps (18-400, National
Scientific Inc.) fitted with Teflon/SIL septa (10/90, National Scientific Inc.).

Control

samples included pure water (10 mL) and dark control CSWNT samples that were double
wrapped in aluminum foil.

All samples were prepared in triplicate. After a specific time

period of lamp light irradiation, samples were acidified with 85% phosphoric acid to a pH
< 2 (60 μL per 10 mL sample). The acid volume to reach pH 2 was determined using other
samples. The acid was added to convert all the inorganic carbon to CO2 (with  0.1%
remaining as H2CO3), with this CO2 partitioning between the water phase and gas phase
based on the Henry’s constant for CO2.

For CO2 sampling, prior to extracting 3 mL

headspace, 3 mL Helium gas was injected into each vial, over pressurizing the headspace,
immediately before removing a 3 mL sample with the same syringe. This was necessary
so that the gas sample in the syringe was at atmospheric pressure upon removing the needle
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from the septum, preventing laboratory air from entering the syringe after the needle was
removed from the vial. Each gas sample was then immediately injected into a 12 mL gas
tight tube (LabcoExetainer®, Labco Limited) that was evacuated in advance.

The

measured volume of CO2 in each sample was corrected for the 3 mL sample dilution.
More information on the headspace analysis methods is provided in the Supporting
Information.

3.5.7. ROS Measurement
The production and concentration of different ROS was monitored using specific
scavengers. FFA, XTT, pCBA, and DMP reagents were used to monitor singlet oxygen
(1O2), superoxide anion (O2∙-), hydroxyl radical (∙OH), and hydrogen peroxide (H2O2),
respectively. The concentrations of FFA and pCBA were measured by HPLC (ThermoFinnegan LC pump and PDA detector) with detection at 219 and 230 nm, respectively.
XTT formazan was monitored by measuring absorbance at 470 nm using Varian Cary 300
UV-Vis spectrometer.108 Concentrations of H2O2 were measured by using the DMP (2,9dimethyl-1,10-phenanthroline) method.93, 109

The reaction product absorbs light at 454

nm and results from cupper reduction by hydrogen peroxide. More comprehensive ROS
monitoring methods descriptions are reported in a previous paper from our group.63

3.6. Results and Discussion

3.6.1. Headspace Analysis and Product Characterization
Compared to dark control samples (containing CSWCNTs) and irradiated blanks
(containing no CSWCNTs), the amount of CO2 in the headspace increased significantly in
the irradiated CSWCNTs samples.

The data in Figure 3.1 compares these data, with the

data reported as volume of pure gaseous CO2 (under atmospheric pressure) measured in
each headspace over the 30 day lamp light irradiation period.

To obtain the net CO2

produced in the irradiated tubes, the mean CO2 volumes (from each of three identical
samples) were subtracted from the corresponding mean CO2 volumes measured in the
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irradiated blank samples.

The result of this net production is shown in Figure 1b.

As

shown in Figure 3.1b, the CO2 net volume increased from zero to 4.86 µL after 30 days of
irradiation.
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Figure 3.1. CO2 volumes measured in the headspace of 16 mL tubes containing 10 mL of
a 45 mg/L CSWCNT suspension at pH 7, after lamp light irradiation (■), and in blank
control (water) samples (♦); and after incubation of identical CSWCNT samples in the dark
(□), (b) the net CO2 produced from the irradiated CSWCNTs after subtracting the CO2
volumes measured in the blank control samples.

The CO2 concentration in the headspace was calculated based on the following
equation:

[𝐶𝑂2 ]𝑔 =

𝑣𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑣𝑠𝑎𝑚𝑝𝑙𝑒𝑑

𝑅𝑇

∗ 1000

where,
[𝐶𝑂2 ]𝑔 is the concentration of CO2 in the headspace (mmole/L);
𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the volume measured by TGA-IRMS (μL);

(3.1)
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𝑉𝑠𝑎𝑚𝑝𝑙𝑒𝑑 is the sub-sampled volume (3,000 μL);
R is the universal gas constant (0.08206 L· atm/(K· mole) at 1 atm);
and T is the temperature (298.15 K).

The total inorganic carbon (TIC) mass in each sample is the sum of the mass of CO2
carbon in the headspace and that remaining in the aqueous phase after acidification.

The

two equations that relate the CO2 concentrations in each phase to the TIC are,

[𝐶𝑂2 ]𝑎𝑞

𝐾𝐻 = [𝐶𝑂

(3.2)

𝑇𝐼𝐶 = ([𝐶𝑂2 ]𝑎𝑞 𝑉𝑎𝑞 + [𝐶𝑂2 ]𝑔𝑎𝑠 𝑉𝑔𝑎𝑠 ) ∗ 12

(3.3)

2 ]𝑔𝑎𝑠

Where,
𝐾𝐻 is the Dimensionless Henry’s constant (0.7731 at 25o C);110
[𝐶𝑂2 ]𝑔 is the concentration of CO2 in the headspace (mmole/L);
[𝐶𝑂2 ]𝑎𝑞 is the concentration of CO2 in the aqueous phase (mmole/L);
TIC it the total inorganic carbon in irradiated sample at each time point (mg);
and Vaq and Vg are the aqueous and gas volumes, respectively (L).

From the headspace CO2 concentration (eq 3.1), the aqueous phase CO2 concentration
was calculated (eq 2), and both concentrations were used to calculate TIC (eq 3.3). CO2
concentration in each headspace and water phase are shown on Figure 3.2a, and because
the dimensionless Henry’s constant is 0.78, the concentrations are nearly equal at each time
point, and an increase over time to 0.0723 mM (headspace) and 0.0559 mM (water phase).
The corresponding TIC masses are shown in Figure 3.2b, with CO2 carbon increasing to
0.012 mg after 30 days of irradiation. The initial CSWCNT carbon in each sample tube
was 0.45 mg. Therefore, 2.69% of the CSWCNT carbon was released from the nanotubes
as CO2 after 30 days of lamp light irradiation.
According to Bitter et al.104 decarboxylation of existing carboxyl groups on
CMWCNTs (i.e., functionalize multiwalled tubes) occurs when they are exposed to 254
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nm light.

Consequently, they claimed that mineralization of aromatic carbon within the

CMWCNTs was unlikely. Based on this hypothesis, the CO2 measured in this study also
may be from the existing carboxyl functional group on the CNTs, although because these
specific carbon nanotubes are known to produce ROS in sunlight, some additional
mineralization of aromatic carbon may occur as well. Indeed, based on the mass of
CSWCNTs used in each tube in the present study (i.e., 0.45 mg) and the average percentage
of carboxylic acid carbon present on the CSWCNTs (2% atomic mass of carboxyl carbon),
the initial mass of carboxyl carbon was on the order of 9 µg, which is lower that the
calculated TIC (12.1 µg) after 30 days of irradiation. Therefore, it is likely that some of
the CO2 may have been from other carbon moieties on the nanotubes.
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Figure 3.2. (a) From lamp light irradiated suspensions of 45 mg/L CSWNT, CO2
concentrations (mM) in the 6 mL headspace gas (▲) and 10 mL water phase (■); and (b)
the corresponding average TIC mass as a function of irradiation time.

The stable isotopic carbon ratio (13C) of the CO2 in each 3 mL headspace sample is
shown in Figure 3.3. The 13C is expressed by its deviation from a working reference.111,
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The working reference of Vienna-Pee-Dee-Belemnite (VPDB) was used in most cases,

having a 13C/12C isotope ratio or RPDB of 0.0112372) (eq 3.4).

𝛿 13 𝐶 (‰) = (

13C
)𝑠𝑎𝑚𝑝𝑙𝑒
12C
13C
(
)𝑉𝑃𝐷𝐵
12C

(

− 1) × 1000

(3.4)

Isotope analysis of SWCNTs from different sources has been measured previously.113

It

has been determined previously by EA-IRMS analysis that the isotopic composition of the
P3 carbon nanotubes used in this study is 13C = -33.9‰. The CO2 in the headspace of
the reaction vials following irradiation was found to be significantly depleted of

13

C in

comparison to both the irradiated water blanks (i.e., background CO2 in the laboratory air)
and the non-irradiated CSWCNTs, decreasing from the background CO2 13C value of
approximately -20‰ to almost -30‰. This suggests that the primary source of headspace
CO2 in the samples irradiated for longer than 5 days resulted from mineralization of some
of the P3 nanotube carbon.

It should be noted that the dimensionless Henry’s constant

(KH = [CO2]aq/[CO2]gas) for 12CO2 is somewhat less than that of 13CO2; therefore, more of
the 13CO2 remains in the aqueous phase. This is possibly why the 13C value decreases only
to -30‰ rather than -33‰.
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Figure 3.3. δ13C (VPDB) in the headspace of irradiated tubes containing 10 mL of a 45
mg/L suspension of CSWNT at pH 7 (■), blank (water) irradiated controls (♦), and in the
corresponding dark control samples containing CSWNT (□).
To obtain information on the structural changes occurring to the CSWCNT carbon,
Raman spectrometric analysis was performed on the irradiated nanotubes (Figure S3.3, in
the Supporting Information).

The Raman spectra of carbon nanotubes typically consist

of a graphitic or G band (around 1590 cm-1) which is the result of the tangential stretching
of sp2 carbon-carbon bonds in the graphitic material, and a D band (near 1300 cm-1)
resulting from the disordered sp3 carbon within the sp2 carbon network.

Therefore, the

extent of defects can be determined using the ratio of the intensities of the G to D band
(IG/ID).114
irradiation.

The IG/ID ratio increased from 0.0844 to only 0.0944 after 30 days of lamp light
This is consistent with previous studies that showed minimal changes in the

extent of defects after UVA irradiation of CMWCNTs66, and after UVC irradiation of
CMWCNTs.104

Raman analysis of sunlight irradiated CSWCNTs also showed minimal

changes (data not shown), consistent with the lamp light irradiated samples. Consistent
with the Raman results, there was little change in the UV-visible absorbance spectra and in
the solution pH of photo-irradiated samples after 30 days (Figure S3.2).
The results of XPS analysis (coupled with chemical tagging) on sunlight irradiated
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CSWCNT samples is reported in Table 1. The data reveal that the total oxygen increased
from 13.8% to 15.2%. With respect to the specific functional groups, the number of
carboxyl groups decreased, while number of other functional groups increased. These
functional groups include the hydroxyl, carbonyl and other groups (e.g. groups such as
ethers or esters that could also be present on the COOH-SWCNTs surface but cannot be
tagged by the chemical derivatization method). Bitter et al.104 and Qu et al.66 observed a
decrease in total oxygen content of CMWCNTs after exposure to light at 254 nm for a few
hours and UVA light for several days, respectively. In the results presented herein, an
increase in total oxygen content was observed, even though light of less energy (i.e., longer
wavelengths) was used in comparison with Bitter et al., but similar in wavelengths to that
used by Qu et al. These disparate results may result from high quenching rates of excited
states on the multiwalled tubes, due to the proximity of the concentric tubes, and is also
likely why SWCNTs are generally more reactive than MWCNTs, in addition to the simple
fact that all of the carbon within SWCNTs is exposed to the surrounding water. In this
study and the other two studies66, 104 a decrease in the number of carboxyl functional group
was observed. As shown in Table 1, the percent of oxygen existing as hydroxyl (C-OH),
carbonyl (C=O), and other groups increased. These results are consistent with previous
results on UVA irradiation of CMWCNTs.66

Table 3.1. Oxygen content of P3 single walled carbon nanotubes after 2 months of
summer sunlight exposure
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3.6.2. Wavelength dependency on ROS production
All wavelengths of solar irradiation (i.e., > 300 nm) can pass through the 280 nm
cutoff filter.

Therefore, use of this filter serves as a control experiment for identical

irradiation under the 400 nm cutoff filter. To determine if single oxygen (1O2) production
occurred at the higher wavelengths, loss of 0.2 mM FFA within an aqueous suspension of
CSWCNTs was monitored under the 280 and 400 nm filters.

The 1O2 pseudo-steady-state

concentration in the CSWCNT suspensions under the 280 and 400 nm filters over an 28
hour sunlight exposure was calculated at [1O2]ss = 2.64  10-13 M and 1.19  10-13 M,
respectively. Hence, the 1O2 pseudo-steady-state concentration produced in solar light
above 400 nm was approximately 55% less than in full sunlight.
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Figure 3.4. Decay of FFA (0.2 mM) in the present of 10 mg/L COOH-SWCNTs under
280- (■) and 400-nm (▲) cutoff filters irradiated in sunlight at PH 7 from. Open symbols
are the corresponding dark control samples under 280- (□) and 400-nm (Δ) cutoff filters.
Irradiation from May 25 to May 30, 2014.

Given the fact that about the same proportion (i.e., 40-60%) of the light is filtered out,
this indicates that the visible light (< 390 to 700 nm) portion of solar irradiation plays a
major rule in photosentization of

1

O2 production, similar to photosentization by
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suspensions of C60 nanoclusters.115

It should be noted that our research group previously

has shown that both type I (energy transfer) and type II (electron transfer) photochemical
pathways occur when functionalized SWCNTs, including carboxylated and PEGylated
tubes, are expose to lamp light (300–400 nm).63, 64
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Figure 3.5. Evidence of O2∙- production via XTT ( 0.1 mM) product formation in
suspensions of 10 mg/L SWNT-COOH at pH 7 under under 280- (■) and 400-nm (▲)
cutoff filters irradiated in sunlight (×) represents XTT alone under 280- and 400-nm (♦)
cutoff filters. Open symbols are the corresponding dark control samples under 280- (□) and
400-nm (Δ) cutoff filters. Irradiation from August 8 to August 19, 2014.
In similar experiments, XTT was used to test for possible superoxide anion (O2∙-)
formation under the 280 and 400 nm filters.

The increase in absorbance at 470 nm (due

to the formation of the pink-colored XTT formazan produce) occurred more rapidly in
samples under the 280-nm filter; however, the rate of increase in absorbance at 470 nm
(again, due to product formation from the reaction between XTT and O2∙-) also was
considerably rapid (Figure 3.5). Therefore, under visible light, both energy transfer (type
1 pathway), forming 1O2, and electron transfer (type 2), forming O2∙-, occur.
Employing pCBA as a ∙OH scavenger, Figure 6 shows the decay of 2 μM pCBA in
aqueous suspension of CSWCNTs under the 280 nm filter (shows decay) and under the
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400 nm.

No pCBA loss occurred in the samples under the 400-nm filter, indicating

negligible formation of ∙OH occurred in visible light (Figure 3.6).

The production of

hydroxyl radicals is mediated by transfer of an additional electron from the excited state
CSWCNTs to O2∙- (HO2∙), producing H2O2 , which then is converted to ∙OH by transfer of
an additional electron, or through homolytic cleavage, as been suggested by Chen et al.63,
64

in previous papers. As a result, the DMP method was used to monitor H2O2 formation

to see if the intermediate, H2O2 was forms in visible light.

As the data show (Figure S5),

no measurable H2O2 was formed and accumulated under either filter. Because H2O2 adsorb
light at wavelengths below approximately 370 nm, it is reasonable to find no accumulation
of H2O2 in the samples under the 280 nm filter.116
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Figure 3.6. Evidence of •OH production via pCBA product formation in suspensions of
10 mg/L CSWNT at pH 7 under 280 (■) and 400 nm (▲) cutoff filters, irradiated in sunlight.
Open symbols are the corresponding dark control samples under the 280 (□) and 400 nm
(Δ) filters.

3.7. Conclusions
Result from this study demonstrate that carboxylated single walled carbon nanotubes
undergo some photo-mineralization upon irradiation with lamp light within the solar
spectrum (λ = 300 to 410 nm). After 30 days of irradiation, the amount of carbon released
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as CO2 was 2.69% of the initial carbon within the nanotubes.

UV/visible light attenuation

changes and Raman spectral changes indicated that after 30 days if irradiation, minimal
structural differences occurred on the remaining 97.31% of the carbon, although XPS
analysis revealed an increase in oxygen content by almost 2%. The number of carboxyl
functional groups decreased, whereas the number of carbonyl, hydroxyl and other oxygen
containing groups (which includes groups such as ethers and esters), increased after
exposure to sunlight for two months. Experiments conducted with solar light within the
visible spectrum (>400 nm) showed that visible light plays a significant rule in photoproduction of 1O2 and O2∙-.

Although ∙OH is produced through photosensitization of

aqueous suspensions of CSWCNTs by solar light at wavelengths from 300 to 400 nm, it is
not observed under solar visible light (> 400 nm).

3.8. Supplementary Information
Over pressurize method with He gas (Figure S3.1)
1. Flush the 30 mL tube with He for 25 minutes through input 1 while output 2 is connected
to atmosphere;
2. Inject needle (output 3) and slowly pull out 3mL He while keeping the He flush in;
3. When 3 mL He was taken, stop He flushing (input 1), wait for 2~3 seconds to make sure
the pressure in the needle is same with atmosphere, then take out the needle (output 3) and
inject into the 16 mL sample vial immediately
4. 3 mL He was injected into the headspace and mixed well (e.g. 20 times with pulling in
and out the syringe), then 3mL of the mixed headspace was collected and injected into the
exetianer immediately.
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Figure S3.1. He-collected devices in the over pressurize procedure
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Figure S3.2. (a) UV-visible absorbance; and (b) pH change at pH 7 in lamp light by 45
mg/L CSWCNTs.
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Figure S3.3. Raman spectra of CSWNT Raman spectra before and after 30 days
irradiation under lamp light time (λ = 300-400 nm).
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Figure S3.5. H2O2 production via DMP method in suspensions of 10 mg/L CSWNT at pH
7 under the 280 (■) and 400 nm (▲) cutoff filters irradiated in sunlight at pH 7. Open
symbols are the corresponding dark control samples under the 280 (□) and 400 nm (Δ)
cutoff filters.

59

CHAPTER 4. SOLVENT EXTRACTION OF
UNFUNCTIONALIZED SINGLE WALLED CARBON NANOTUBES FROM SOIL

4.1. Table of Content Graphic

4.2. Abstract
Single-walled carbon nanotubes (SWCNTs) have been produced at an increasing rate
over the last few years as the number of potential applications for them in emerging areas
has been identified. This increase in production has motivated research on their transport,
biological and physicochemical transformation, and toxicity in the environment.

To be

able to investigate their fate and transport in the environment, it is necessary to develop
methods for carbon nanotube isolation from environmental media (i.e., soils, sediments,
and biological tissues), compatible with new or developing characterization and
quantification methods. To this end, different solvent extractionmethods for
removing SWCNTs from sand and soil were examined.

Extractions were performed by

spiking SWCNTs into sand (50-70 mesh) and three different soils (i.e., Tracy, Drummer,
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and Clermont) with a specific mass of unfunctionalized SWCNTs, followed by solvent
extraction during probe sonication.

In survey experiments, using non-spiked samples as

controls the mass of the SWCNTs extracted from each solid phase was estimated based on
the increase in light absorbance of the solvent, using UV-visible spectrometry.

It was

found that 1,2-dichlorobenzene (DCB) was most effective is extracting SWCNTS from the
solid phases.

Initial quantification (using UV-visible spectrometry) indicated cumulative

extraction efficiency above 90% after 4 sequential extractions from all the media.
Density Gradient Ultracentrifuge (DGU) was tested as a potential method for purifying the
extracted nanotubes, using two different commercial preparations of unfunctionalized
SWCNTs.

Two DGU methods available in the literature were tested.

Near infrared

fluorescence spectrometry (NIRF) on the DGU-purified fraction further could be used for
SWCNT characterization.

4.3. Introduction
Single-walled carbon nanotubes (SWCNTs) and other types of carbon based
nanomaterials are being more widely used in recent years in many different types of
applications.

SWCNTs are basically cylindrical graphene, and because they can have

different diameters, lengths, and atomic configurations (i.e., chirality), they are not all the
same, but possess as a group or singularly unique mechanical, electrical and optical
properties. With the increase in SWCNTs incorporated into different consumer products,
and with the steady increase in annual production, there are concerns regarding the
environmental fate and effects of this class of carbon-based nanomaterials.56, 100 Studies
on their fate, transport, and ecotoxicity are still relatively new, however they are beginning
to draw some interest due to the potential environmental consequences of SWCNTs upon
their release into the environment.58,

63, 105, 117-121

Studies on determining the fate of

SWCNTs in the natural environmental demand that new methods be developed for
SWCNTs extraction, purification, and quantification from various environmental matrices.
There are a few studies which have focused on detection of CNTs in complex matrices.
Temperature-programmed oxidation (TPO) and hydrogen-assisted thermal degradation
(HATD) have been coupled to mass spectrometry to monitor SWCNTs in media containing
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representative biological macromolecules (i.e., bovine serum albumin (BSA) and
methylcellulose), and in other environmental media (e.g., urban dust, diesel particulate
matter, marine sediments, and SWCNT-amended sediments).74

In another thermal

method, programmed thermal analysis (PTA) was used to detect carbon nanotubes in
cyanobacteria and urban air.

In their study, Doudrick et al.75 measured the thermal

stability of 14 types of CNTs, produced by a range of different methods, to help them
identify the specific temperatures at which each type of carbon nanotube was detected by
the PTA combustion method.

They showed that carbon nanotubes with higher Raman

spectrometric defect intensity ratios, had the lower oxidation temperatures in PTA.

In

another study conducted by Doudrick et al., 122 a chemical digestion method was used, to
chemically dissolve rat lung tissue at very low pH, followed by the use of PTA for CNT
quantification.

In another study, chemo-thermal oxidation at 375 °C (CTO-375) was

tested to isolate CNTs from other organic materials.123

CTO-370 is a technique in which

a 24 hour thermal oxidation at 375° C occurs under air flow, followed by acidification to
remove the inorganic carbon.

In the study, a set of 15 different nanotubes (3 SWCNTs

and 12 MWCNTs) were tested for their resistance against loss I the CTO-375 method.
Results showed 26 to 93% recovery depending on the structure of the specific CNT.
Using the same method, between 66 and 171% recovery was obtained after addition of the
CNTs to sediments.
The heat response of CNTs upon microwave heating (30–50 W) was used to detect and
quantify CNT uptake in plants and earthworms (Eisenia fetida).57, 124, 125 CNTs strongly
absorb microwave energy, resulting in a rapid increase in the temperature of nanotubes
over a short period of time.126

Scintillation counting of 14C-labeled carbon nanotubes was

employed for quantification of SWCNTs in bioaccumulation studies using Eisenia foetida
and Daphnia magna.118, 119
Studies on extraction of CNTs from sediments and biological matrices are extremely
limited. Schierz et al.9 have applied various surfactants along with high power sonication
for extracting both oxidized and pristine SWCNTs from sediments.

Subsequently, they

applied near infrared fluorescence (NIRF) spectrometry to quantify the SWNTs.

It should

be noted that NIRF (imaging and or quantification) has been implemented as a powerful
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tool for detecting CNTs in other media such as fruit flies (Drosophila melanogaster)127 and
fish.128
It was suggested that the extraction from and then quantification or characterization
of the CNTs from soils may include three steps consisting of: Extraction of the CNTs from
the solid media (e.g. soil); separation of the CNTs from extracted interferences, such as soil
organic matter and clay minerals; and detection of the CNTs by appropriate spectrometric
methods.

Kammer et al.73 suggested that extraction methods, similar to those used for

polycyclic aromatic hydrocarbons (PAHs) may be applied to extract carbon nanomaterials,
including CNTs, although the author highlighted the differences in physicochemical
characteristics between PAHs and carbon nanomaterials.

EPA method 3550c129, for

example, is a solvent extraction method that uses high power sonication for extracting
PAHs from sediments.

Kammer et al. further suggest that after extraction, methods such

as density gradient centrifugation (DGU) and fluid flow fractionation (FFF)71, 72 can be
applied for separating the CNTs from extracted interfering substances.73

It should be

stated that these are a few potential methods that may find use after solvent extraction, with
other potential methods including size exclusion chromatography and capillary
electrophoresis.126, 130
In this study solvent extraction efficiencies of unfunctionalized SWCNTs from sand
and three types of soil were measured. The extractive solvents were selected based on
previous studies on the dispersibility of unfunctionalized SWCNTs in various solvents.25,
26

Because 1,2-dichlorobenzene (DCB) was shown to be a good extractive solvent in

initial experiments, further testing was performed using probe sonication to enhance the
recovery efficiency.

To study a range of conditions, the media were first spiked with

SWCNTs, and then samples of spiked and unspiked (controls) media were extracted with
DCB under sonication, monitoring the UV-visible light absorption differences between the
DCB samples recovered from the spiked and unspiked samples.

This quantification

method indicated a recovery above 90% using four sequential extractions, for all media
tested. To test a potential purification method, DGU was attempted on two different types
of unfunctionalized SWCNTs, following two methods available in the literature (i.e., linear
and non-linear gradients) to examine the robustness of these methods for routine use.
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4.4. Experiment Method

4.4.1. Materials and Supplies
The primary type of SWCNTs used in this study was SG-65 single walled carbon
nanotubes (SG65) available from SouthWest Nanotechnologies.

These nanotubes

contain a high fraction of semi-conducting 6,5 roll-up angle, small diameter SWCNTs.
These nanotubes are made by using the CO disproportionation method, catalyzed by cobalt
and molybdenum (i.e., the CoMoCAT® process).

Scanning electron microscopy analysis

on SG65 indicated a metal content of 1 to 2%.

HIPCO nanotubes were obtained from

from NanoIntegris. These nanotubes are synthesized by the high pressure CO conversion
process (HiPco) and according to the supplier, the HiPco SWCNT sample had a carbon
content >95% and the tube diameters ranging from 0.8-1.2 nm.
All the organic solvents and the sand (50 to 70 mesh) were purchased from Sigma
Aldrich Co. (St. Louis, MO). The solvents were used as received, and the sand was used
without further cleaning.

All water was purified with a Barnstead Nanopure system

(Dubuque, IA) after R/O pretreatment.

Soils used in this study were the same as those

used in a previous study131 with some characteristics provided in Table 4.1.
on the characterization of the soils can be found in the cited paper.

Table 4.1. Properties of soils used in this study

More details
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4.4.2. SWCNT Addition and Extraction
To each of a series of centrifuge tubes, 0.1 g of a specific soil was weighted. The
centrifuge tubes were 15 mL glass centrifuge tube (Kimble Chase, LLC.)

Some samples

were spiked with 0.1 mg SG65 nanotubes from a 100 mg/L suspension prepared in DCB.
Non-spiked soil samples and spiked samples were extracted with 3 mL solvent under probe
(microtip, Sonifier 450, Branson Ultrasonics, Danbury, CT) sonication. All extractions
were performed at a sonication power of 10% amplitude for 10 minutes.

During

sonication, the sample centrifuge tube was placed in an ice bath to prevent excessive
increase in temperature, and the tip of the ultrasonic horn (i.e., probe) was placed 4 inches
into the sample. After sonication, each tube was centrifuged at 4,000 RPM in a Heraeus
XIR Multifuge (Thermo Fisher) for 10 min. After centrifugation, 2 mL of the supernatant
were removed and set aside for the analysis. 1mL extract were diluted by adding 1mL pure
DCB prior to UV-visible analysis.
In the case of sequential extractions, after removing 2 mL supernatant, an additional 3 mL
of the solvent was added to the sample, and the extraction and centrifugation steps were
repeated.
4.4.3. Formation of Density Gradients
Density gradients were formed following the methods of Arnold et al.132 and Gosh et
al.133

Following the method initially developed by Arnold et al., the SG65 nanotubes

were suspended in 2% (w/v) sodium cholate (SC) by adding 10 mg SG65 nanotubes to 10
mL 2% SC, and sonicating the mixture for 1 hour at 40% input energy. During sonication,
this stock suspension was kept in an ice bath to prevent excessive heating.

After,

sonication, any aggregated floc that had not been dispersed, was removed by centrifuging
the material at 54,000 RPM for 14 minutes, in 5 mL ultracentrifuge tubes (item no# 344057
from Beckman Coulter) in a SW55T1 rotor (22o C). After centrifugation, 80% of the
supernatant was removed from the centrifuged tubes and combined into one tube for DGU
analysis.
In making the density gradients within the ultracentrifuge tubes, the bottom of each
tube was filled with 1.5 mL of an under layer consisting of 60% w/v iodixanol including
2% w/v SC, by using a 1 mL pipette.

Then, 10 mL of 7.5% w/v iodixanol; and 10 mL of
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22.5% w/v iodixanol 2% with each of the iodixanol solutions contained 2% w/v SC were
prepared.

A portion of each of these solutions (2.5 mL) was added to the reservoir

chambers of a linear gradient maker (Hoefer SG15), from which a linear gradient was
delivered to the centrifuge tube, slightly above (< 2 mm) the under-layer, using a glass tube
(inner diameter ~1 mm, length ~10 cm).

To prepare each sample, 733 μL of the SG65

nanotube suspension (described above), was mixed with 367 μL of 60% w/v iodixanol
containing 2% w/v SC. A portion (0.88 mL) of this 1.1 mL mixture was slowly inserted
into the density gradient via a syringe needle inserted 5/6 of the way down the gradient.
The remaining volume of each centrifuge tube was slowly filled by adding 2% w/v SC
solution using a 250 μL syringe. Tubes were stored for 1 hour prior to centrifugation.
Tubes were centrifuged at 41,000 RPM for 16 hours at 22o C in a Beckman SW41 rotor.
It should be noted that making (i.e., layering) the density gradient by hand and allowing it
to diffuse for some time prior to centrifugation, resulted in similar results compared to
(
making the density with the linear gradient maker.
Following the method initially developed
a by Gosh et al., a suspension of HIPCO nanotubes
was prepared by adding 5 mg nanotubes to 10 mL 2% (w/v) sodium cholate.

The mixture

)

was sonicated with in a bath sonicator (8890R-MT, Cole-Parmer, Vernon Hills, IL,
operating at 80 W) for 1 hour, followed by sonication with the probe sonicator (Branson
450) for an additional 1 hour, at an average power of 7 Watts.

After sonication, 1.5 mL

of the suspension was transferred to a series of small Eppendorf centrifugation tubes and
centrifuged at 13,000 RPM (13,300 x g) for 1 hour in an Eppendorf centrifuge (Model
5415R) to remove larger flocs that were not dispersed during sonication.

After

centrifugation, 80% of the supernatant was removed and combined for DGU analysis.
To prepare density gradients according to the method developed by Gosh et al., the
following solutions were added slowly and sequentially to 4 mL Polyclear ultracentrifuge
tubes, using a 250 L syringe: 350 L 30% iodixanol; 294 L 27.5% iodixanol; 378 L
25.0% iodixanol; 462 L 22.5% iodixanol; 462 L 20% iodixanol; 504 L 17.5% iodixanol;
and finally a 546 L of 15.0% iodixanol, with each of the iodixanol solutions contained
0.7% w/v SC (sodium cholate). The centrifuge tubes were stored for 1 hour at a 10 degree
angle (from horizontal) for diffusional formation of a more gradual density gradient.

To
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prepare each nanotube sample, 750 L 60 % iodixanol in 2% SC was mixed with 1.05 mL
of the pre-dispersed HIPCO stock.
top of the gradient.

From this mixture, 630 L were added slowly to the

The remaining volume of the centrifuge tubes was filled with 0.7%

w/v SC, to achieve a total volume of 4 mL.

Tubes were centrifuged for 18 hours at

266,000 x G (at the bottom of the tubes) at 22o C in a SW60-Ti rotor. More information
related to the probe sonicator, gradient maker, and the home-made fractionators is provided
in Figure S1 of the Supporting Information.

4.5. Results and Discussion
1,2-Dichlorobenzene (DCB) was shown to disperse SWCNTs better that 15 other
solvents, and was chosen for further study as an extraction agent to remove SWCNTs from
sand and soils,25 and better than two other solvents tested in this study (and reported on
later). Extraction of SWCNTs from sand initially was conducted because it is a much
simpler matrix compared to soils or sediment, which often contain high concentrations of
fine clays and natural organic matter (NOM).

UV-visible spectroscopy was used as a

method to “approximate” the mass of SWCNTs extracted from sand and soil, since the
nanotubes absorb (and scatter) a significant amount of light compared to the background
humic and other material extracted by DCB from sands and soils. While not perfectly
quantitative, UV-visible spectroscopy has been used previously for CNT quantification.134,
135

The mass of carbon nanotubes extracted in each step was calculated based on UV-

visible light absorption differences between the DCB samples recovered from the SWCNTspiked and unspiked samples. Quantification was conducted using the following equation:

𝑀=(

𝐴𝑏𝑠 (𝑆𝑜𝑖𝑙 𝑠𝑝𝑖𝑘𝑒𝑑 𝑤𝑖𝑡ℎ 𝑆𝑊𝐶𝑁𝑇𝑠)−𝐴𝑏𝑠( 𝑛𝑜𝑛−𝑠𝑝𝑙𝑖𝑘𝑒𝑑 𝑠𝑜𝑖𝑙)
𝑅

)∗𝑉

(4.1)

where,
𝐴𝑏𝑠 (𝑆𝑜𝑖𝑙 𝑠𝑝𝑖𝑘𝑒𝑑 𝑤𝑖𝑡ℎ 𝑆𝑊𝐶𝑁𝑇𝑠) is the UV-visible absorbance (i.e., attenuation) at 572
nm of the extracted soil supernatant, for the soil which had been spiked with SWCNTs;
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𝐴𝑏𝑠( 𝑛𝑜𝑛 − 𝑠𝑝𝑙𝑖𝑘𝑒𝑑 𝑠𝑜𝑖𝑙) is the UV-visible absorbance reading at 572 nm of the extracted
soil supernatant, for the soil which has not been spiked with SWCNTs;
𝑉 is the volume of the supernatant (2 mL in our case);
And 𝑅 is the slope of the standard curve of absorbance reading at 572 regressed against
known SWCNT suspension concentrations in DCB.
The complete UV-visible spectra of the supernatants recovered from nanotube-spiked
sand and that of unspiked sand after each extraction step are shown in Figure 4.1. The
SG65 nanotubes have a characteristic peak at 567 nm, which is assigned to (6, 5) chirality
tubes,7, 97 and clearly appears in the DCB after the first extraction (Figure 4.1a). Using
eq 4.1, the mass of the SG65 nanotubes recovered from the sand during each extraction
step was calculated, and these values are reported in Table 4.1.

After 4 sequential

extractions, the total recovery was 91.5%. After additional extractions, the absorbance of
the spiked sand was the same as the absorbance of the unspiked sand, indicating nominal
removal of additional nanotubes.
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Figure 4.1. UV-visible absorbance spectra of the DCB extracts (a) of the carbon nanotube
spiked sand; and (b) of the unspiked sand.

69
Table 4.2. SG65 nanotubes extracted from sand spiked after 4 extraction steps.
Extraction step
1
2
3
4

SG65 nanotube mass extracted (mg)
0.048
0.024
0.014
0.005

∑ Extraction efficiency (%)
47.6
72.0
86.5
91.5

Similarly, the extraction of SG65 nanotubes from the three soils was performed
using the same procedure. The UV-visible spectra of the extracts from the nanotube
spiked Tracy soil, and the corresponding unspiked controls are shown in Figure 4.2.
Similarly, the corresponding spectra of the extracts from the Clermont and Drummer soils
are shown in Figures S4.2 and S4.3 of the Supplementary Information. Similarly, the
estimated mass of nanotubes extracted during each sequential step, and the associated
accumulative extraction efficiencies from each of the three soils are reported in Tables
4.3-4.5. The calculated extraction efficiencies were 94.9, 123, and 102%, for the Tracy,
Clermont, and Drummers soils, respectively.
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Figure 4.3. UV-visible absorbance of DCB sample recovered from (a) nanotubes spiked
Tracy soil; and (b) non-spiked Tracy soil.
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Table 4.3. SG65 nanotubes extracted from spiked Tracy soil
Extraction
step
1
2
3
4

SG65 nanotubes mass extracted at each step (mg)
0.054
0.017
0.013
0.011

∑Extraction
efficiency (%)
54.4
71.2
84.0
94.9

Table 4.4. SG65 nanotubes extracted from spiked Clermont soil
Extraction
step
1
2
3
4

SG65 nanotubes mass extracted at each step (mg)
0.027
0.023
0.011
0

∑ Extraction
efficiency (%)
54.9
101
123
123

Table 4.5. SG65 nanotubes extracted from spiked Drummer soil
Extraction
step
1
2
3
4

SG65 nanotubes mass extracted at each step (mg)
0.021
0.014
0.010
0.006

∑ Extraction
efficiency (%)
42.4
70.9
90.0
102

The high extraction efficiencies estimated for all the soils likely results from some of
the soil organic matter associating with the nanotubes, and then being co-extracted into the
DCB.

It is clear from Figure 4.3a that the characteristic peak at 567 nm, assigned to (6,

5) chirality tubes, is still present in the soil extracts, once again indicating most of the UVvisible absorbance signal is due to the nanotubes and not co-extracted material that is
associated (i.e., sorbed onto) the SWCNTs.
Other solvents, known as good dispersive solvents for pristine SWCNTs, include
N, N-dimethylformamide (DMF) and N-methylpyrroli-done (NMP).

These solvents

were tested also, using a similar scheme as above (4 sequential 10 minute probe sonication
steps) but unexpectedly were found to yield poor extraction recoveries.

The UV-visible

spectra related to the samples recovered from Tracy soil, spiked with SG65 nanotubes after
extraction with DMF and NMP are shown in the supporting information (Figure S4.4).

In
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addition to selecting the proper liquid “solvent”, probe sonication was shown to be essential
for efficiently separating the SWCNTs from the soil. One hour bath sonication resulted
in poor recoveries in comparison to 10 minute probe sonication as shown in Figure S4.5.
After many attempts to preform DGU on the SG65 and HIPCO tubes without success,
some encouraging positive results are shown in Figure 4.4.

The ultracentrifuge tube

shown in Figure 4.4a was prepared as a linear gradient to which a 0.5 g/L sample of SG65
was added, and Figures 4.4b and Figure 4.4c were prepared as nonlinear gradients to which
0.5 and 0.25 g/L samples of HIPCO nanotubes were added, respectively.

In all three

cases, a magenta colored band appears across the centrifuge tube near the top of the darker
material, characteristic of pure 6,5 carbon nanotubes. Hence, the mixtures of nanotubes
have separated by chirality enough that at least one specific nanotube can be seen in the
photos. The 6,5 tubes are near the top because that have one of the smallest diameters of
all the carbon nanotubes

The darker material below this band is unresolved bands of other

tubes, with tubes are still aggregated near the bottom of the centrifuge tube.

The gradients

shown in Figure 4.4b and 4.4c, in particular may contain a considerable about mass of the
HIPCO nanotubes still in aggregated form, and a significant mass of the nanotubes appears
at the bottom of the gradient.

As a result, an alternate way, or at least a modified way, of

better dispersing the nanotubes is likely necessary. Better overall separation is shown on
Figure 4a. This may be a result of the differences in the nanotubes (SG65 versus the
HIPCO nanotubes), as the SG65 material contains all relatively small diameter tubes, such
that a larger fraction of them may be contained within the higher portions of the density
gradient (resulting in the broad-band image shown in Figure 4.4a).

It is likely that

decreasing the load (i.e., adding less mass) would result in better results on this particular
(Figure 4.4a) density gradient.
Clearly the next step is to repeating the DGU processes on carbon nanotube samples
extracted from soil, followed by fractionating the resulting SWCNT gradient.

These

fractions can be further processed by NIRF or Raman spectroscopy to confirm chirality
and other properties.
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(a)

(b)

(c)

Figure 4.4. Photograph of the results of performing: a) linear DGU on 0.5 g/L SG65
nanotubes; b) nonlinear DGU on 0.5 g/L HIPCO nanotubes; and c) nonlinear DGU on 0.25
g/L HIPCO nanotubes.
4.6. Conclusions and Future Work
Carbon nanotubes may find their way into the natural environment as their production
rate is rapidly growing.

However, the information regarding the extraction, purification

and quantifications of carbon nanotubes from environmental matrices is still lacking.
Especially for soils, which can contain a large amount of potentially interfering natural
organic carbon substances, the development of methods for carbon nanotube isolation and
purification seems essential.

The results of this study indicates that solvent extraction,

using DCB, along with high power sonication, as is the suggested EPA method for PAH
extraction (i.,e., EPA method 3550c), is suitable for recovery of unfunctionalized SWCNTs
from soils. DCB was shown to be a good solvent for dispersing the SWCNTs into DCB,
and resulted in good recovery of SG65 nanotubes spiked into sand and three different soils
(i.e., Tracy, Drummer, and Clermont). Density gradient ultracentrifugation (DGU), as a
suggested method for isolating and even separating the carbon nanotubes by chirality, after
extracting them from soil, was tested on two types of unfunctionalized SWCNTs (i.e.,
SG65 nanotubes and HiPCO nanotubes) using two methods (i.e., linear and non-linear
gradients) as reported in the literature. The method was tested on neat nanotubes (i.e.,
those not recovered from soil), with the next step obviously to test and refine the method
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on nanotubes recovered from soils using the DCB extraction method.

In future studies,

NIRF analysis on DGU fractions resulting from SWCNT-spiked extracted soil should be
conducted to test for identification and characterization of nanotubes from soils.

4.7. Supplementary Material

(a)

(b)

(c)

Figure S4.1. Image of (a) probe sonicator set up, (b) density gradinet maker; and (c) set
up for fractionator.

75
2

(a)
Absorbance (nm)

1.6

Step1
Step2
Step3

1.2

Step4

0.8

0.4

0
300

400

500
600
Wavelength

700

800

2

(b)
Absorbance (nm)

1.6

Step1
Step2
Step3

1.2
Step4

0.8

0.4

0
300

400

500
600
Wavelength

700

800

Figure S4.2. UV-visible absorbance of DCB sample recovered from (a) nanotubes spiked
Clermont soil; and (b) non-spiked Tracy soil.
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Figure S4.3. UV-visible absorbance of DCB sample recovered from (a) nanotubes spiked
Drummer soil; and (b) non-spiked Drummer.
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Figure S4.4. UV-visible absorbance of DMF sample; and (b) NMP sample recovered from
nanotubes spiked Tracy soil and non-spiked Tracy soil.
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Figure S4.5. UV-visible absorbance of DCB sample recovered from nanotubes spiked
Tracy soil using probe and bath sonication.
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CHAPTER 5. OVERALL SUMMARY AND FUTURE WORK
5.1. Summary
This work has focused on the photochemistry of SWCNTs because this fate process
may contribute to the overall environmental fate (i.e., transformation and eventual
mineralization) of these materials upon their release to the environment.

Although the

amount of research on the potential application of CNTs is considerable (with many
scientific journals devoted to this topic), there have been limited studies on the environment
fate of CNTs and on their impacts on the environment (i.e., bioaccumulation, toxicity).

In

addition, this work examined how to extract SWCNTs from soils, as this information is
necessary (i) to study potential fate and environment effect of CNTs, and (ii) to measure
their concentrations in the environment, for example, if a large spill was to occur.
Data presented in this study are new and unique:
(i) For the first time, the indirect phototransformation of unfunctionalized (i.e., pristine)
SWCNTs under sunlight conditions has been shown to occur through NIRF Raman and Xray photoelectron spectrometry;
(ii) For the first time, mineralization of some of the carbon within carboxylated SWCNTs
through direct photochemical reaction under sunlight conditions has been showed to occur
through 13C stable isotope CO2 analysis; and
(iii) For the first time, solvent extraction of unfunctionalized SWCNTs from soils has been
shown to be possible.
The result collected from this study should help in assessing the fate and effects of this
class of carbon-based nanomaterials.
Regarding the photochemical transformation of unfunctionalized SWCNTs, it is know
that direst photoreactivity in sunlight, leading to ROS production or SWCNT oxidation
occurs at either a very slow rate or not at all.

The work performed in this study clearly

shown that indirect photochemical reaction with hydroxyl radicals do occur, at hydroxyl
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radical concentrations typically found in natural surface waters.

To produce the hydroxyl

radicals, hydrogen peroxide was used, as it is known to decay in sunlight at a very slow
rate producing hydroxyl radicals.

Bleaching (decrease in UV-visible light absorbance),

decreased in NIRF fluorescence, and an increase in the extent of defects (through Raman
analysis) all indicate oxidation of carbon within the SG65 SWCNTs was occurring in the
present of hydroxyl radicals.

The pseudo steady state hydroxyl radical concentration in

the SWCNT suspensions was measured at 4.17 × 10-16 M, within in the range measured
near-the-surface of many freshwaters (10-15 to 10-17 M) during daylight at a latitude of 40o
N in the summer. SWCNTs (SG65) added to water in the absence of any dispersing agent
(i.e., in aggregated floc form) also were shown to have a decreased fluorescence signal (by
NIRF), and an increase in oxygen content (by XPS analysis) when irradiated in the
presence of hydrogen peroxide.
Regarding the mineralization of carboxylated SWCNTs (P3 nanotubes from Carbon
Solutions, Inc.), the increase in CO2 within irradiated air-tight test tubes indicated that after
30 days of lamp light irradiation, 2.7% of the carbon within the nanotubes was converted
to CO2, in the absence of any other oxidizing agent except for molecular oxygen (in the
water and headspace).

Stable isotope ratios of headspace CO2 clearly indicated that the

CO2 was produced from SWCNT carbon oxidation.

XPS analysis, coupled with prior

chemical derivatization of specific oxygen-containing functional group on the photoirradiated carboxylated SWCNTs, indicated an increase in oxygen content occurred over
time.

Additionally, the wavelength dependency of carboxylated SWCNTs to produce

reactive oxygen species (ROS) was examined using 400 and 280 nm cutoff filters during
sunlight exposure. Aqueous colloidal dispersions of carboxylated SWCNTs generated
ROS, including singlet oxygen (1O2), superoxide anion (O2.-), and hydroxyl radicals (∙OH)
under the 280 nm filter (i.e., at all wavelengths within the solar spectrum), while there was
slower rates of production of singlet oxygen (1O2) and superoxide anion (O2.-), and no
measurable hydroxyl radicals (∙OH) produced under the 400 nm filter (i.e., at wavelengths
of light in the visible region of the solar spectrum).
Finally, for the first time solvent extraction of unfunctionalized SWCNTs from soils
has been shown to be possible, as current methods on potential isolation, purification and

81
characterization of CNTs from environmental matrix is extremely limited.

Using 1,2

dichlorobenzene, coupled with high power sonication, recover of greater than 90% of
unfunctionalized SWCNTs (SG65) from sand and three different soil was likely achieved
(i.e., likely, due to some uncertainty in the quantitative method used to calculate this
efficiency).

5.2. Future work
For identifying the occurrence of CNTs in environmental matrices, three processes are
necessary, and can be accomplished in individual steps, or potentially in combination in
fewer

steps.

These

processes

are

extraction,

purification,

and

identification/quantification. Density gradient ultracentrifuge (DGU) is suggested as a
potential method for purification (prior to identification or quantification) of extracted
nanotubes from soils or sediments.

In this study, DGU was conducted on neat SWCNTs,

following methods available in the literature, with some success.

The obvious next step

is to attempt the process on carbon nanotubes extracted from soil. Additionally, using a
fractionator to separate the material banded across the density gradients, the different
fractions of nanotubes extracted from sediments can be further processed by near infrared
fluorescence spectrometry (NIRF), Raman spectroscopy, and possibly other spectroscopic
or thermal methods.

In addition, extraction of other type of CNTs, such as functionalized

SWCNTs (e.g., carboxylated or those functionalized with polyethylene oxides (PEG)),
unfunctionalized and functionalized MWCNTs can be examined. The extraction of CNTs
from other complex matrices, such as biological tissues (e.g., earthworms and tissues of
higher organisms) and other environmental samples, such as urban dust and marine
sediment, can be examined and compared.
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